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Abstract 
Recent advances in single-molecule fluorescence imaging techniques have 
allowed the direct observation of protein dynamics on DNA, but the progress has 
been largely limited to double-stranded DNA (dsDNA) or short single-stranded 
DNA (ssDNA). Here, a single molecule imaging approach for observing 
dynamics of proteins on long ssDNA of thousands of nucleotides in length is 
presented, with a detailed explanation on how to implement, operate and calibrate 
the hybrid instrument combining single-molecule fluorescence and force 
spectroscopy by which we could visualize the dynamics of proteins interacting 
with a long ssDNA similar in length to what’s generated during DNA metabolic 
processes. Also, various single-stranded DNA synthesis methods are included. 
The ultimate goal is to study many different proteins binding to the same long 
ssDNA and carrying out their function in coordination with each other. As a step 
toward the goal, here, the applicability of our methods to the dynamics of such 
ssDNA-interacting proteins is demonstrated by visualizing the dynamics of the 
following three proteins: (1) the DNA homology search on Escherichia coli (E. 
coli) RecA filaments formed on ssDNA, (2) the unidirectional motion of E. coli 
UvrD helicase and (3) the diffusion of E. coli single-stranded DNA binding 
protein (SSB). We observed that the homology search of dsDNA on RecA 
filament is comprised of pauses at certain sites followed by fast transitions 
between the sticky sites via 1D diffusion. As for UvrD, with the multidimensional 
data obtained with our platform, we could capture the entire sequence of binding, 
translocation, unwinding initiation of UvrD helicase with single molecule 
resolution. With SSB, we found that the diffusion coefficient is three orders of 
magnitude higher than what was determined from SSB diffusion on short ssDNA 
suggesting that on long ssDNA that mimics physiological setting, SSB can 
migrate via a long range intersegmental transfer. Force dependence of diffusion 
further supports the interpretation. 
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Chapter 1  
Introduction 
 
 
1.1 Single-stranded DNA (ssDNA) 
1.1.1 ssDNA in the Cell 
In general, the genetic information of the cell is stored in the form of double-
stranded DNA (dsDNA), which is superior to single-stranded DNA (ssDNA) in 
preserving the genetic information intact as the genetic information is protected inside the 
stable double helical structure 
1,2
. Although ssDNA can be easily damaged by chemical 
and nucleolytic attacks and create problems in genome maintenance 
3,4
, ssDNA is also 
generated in the cell, albeit transiently, during many DNA metabolic processes 
5,6
. For an 
example, in DNA replication, DNA helicases unwind dsDNA to form two single-
stranded intermediates, to give the replication machinery the access to the genetic 
information. While the leading strand ssDNA is replicated immediately as the replication 
fork proceeds, the replication of the lagging strand ssDNA is done piecewise, and the 
length of a piece (Okazaki fragments 
7
) is a few nucleotides in Escherichia coli. Another 
DNA metabolism where ssDNA is generated is DNA repair 
8
. When DNA is damaged 
and the integrity of the genomic information is broken, it needs to be restored to its 
original state. Among a variety of DNA repair mechanisms, some of them, such as 
double-strand breaks 
9
, nucelotide excision repair 
10
 and mismatch repair  
11,12
,  long 
ssDNA is generated as one of the strands of dsDNA is removed. Then, the ssDNA is used 
as a template for other machineries fill the gap to restore the DNA back to intact dsDNA. 
As we have seen, ssDNA is generated as a transient intermediate of DNA metabolic 
processes, and they need to be restored back to dsDNA eventually by a coordinated 
action of a multitude of proteins responsible for genome maintenance in the cell. 
There are many proteins which interact with ssDNA. When ssDNA is generated, 
these proteins compete for the access to the ssDNA to perform their functions in 
coordination with each other 
5,6
. The first proteins which bind to ssDNA are single-
stranded DNA binding proteins (SSB). They bind to and protect ssDNA from degradation, 
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and also play gate-keeping role for other partner proteins which associates with ssDNA 
6
. 
Recombinase such as RecA and Rad51 forms nucleo-protein filaments on ssDNA, and 
RecA filaments can displace SSBs during the filament extension 
13
. Helicases such as 
PcrA, Rep and UvrD are also ssDNA translocases, and they translocate along ssDNA 
using ATP hydrolysis in directional manner. The translocation of some of helicases along 
ssDNA efficiently dismantles RecA filaments formed on ssDNA 
14,15
. 
 
1.1.2 Mechanical Properties of ssDNA 
The end-to-end distances of ssDNA and dsDNA is force-dependent. Figure 1.1 
shows the force-extension curves of dsDNA and ssDNA. As shown in the figure, a 
dsDNA is similar to an unstretchable rope compared to ssDNA, as the end-to-end 
distance of dsDNA is already 86 % of its contour length even at force as low as 1 pN and 
stretching dsDNA further becomes very difficult as the curve increases very rapidly. On 
the other hand, ssDNA is mostly stretchable until it reaches its contour length (over ~30 
pN). A ssDNA is the most springy at very low force close to 0 pN and gets less and less 
stretchable as the force increases. At low forces, dsDNA is longer than ssDNA, while 
ssDNA is longer than dsDNA, at high forces. The crossing point where the end-to-end 
distances of two DNA molecules are the same is around ~5.9 pN 
16
. Fully-stretched 
ssDNA are 70% longer than fully-stretched dsDNA, as the contour length of ssDNA, 5.9 
Å per nucleotide, is longer than that of dsDNA, 3.4 Å per basepair 
17,18
. 
A ssDNA is much more flexible than a dsDNA, as the persistence length of 
ssDNA, 0.75 nm is much shorter than that of dsDNA, 53 nm 
17,18
. Figure 1.2 depicts the 
difference between two DNA molecules at a glance. While dsDNA maintains the double 
helical structure and its rotational freedom is limited, each nucleotide of ssDNA can 
freely rotate with respect to the neighboring nucleotides, which makes freely jointed 
chain (FJC) model a good model to explain the elastic properties of ssDNA. On the other 
hand, worm-like chain (WLC) model fits better for the case of dsDNA. Recently, 
researchers are using extensible worm-like chain (XWLC) model and extensible freely 
jointed chain (XFJC) model to predict the tension dependent end-to-end distance of 
dsDNA and ssDNA, respectively. 
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Figure 1.3 shows the difference between the gel motility of ssDNA and dsDNA. 
A ssDNA runs slower than a dsDNA in an agarose gel electrophoresis, because the 
charge density of ssDNA is one half of that of dsDNA. 
 
1.2 Optical Trapping for Single Molecule Studies 
1.2.1 Introduction to Optical Trapping 
By focusing a high-power laser beam, an attractive force field on a dielectric 
particle toward near of the laser focus in axial and lateral direction can be generated. Ever 
since Ashkin first demonstrated trapping of micron-sized dielectric particles in the 1970s 
19
, Ashkin and the coworkers improved the technique enabling a single-beam gradient 
force optical trapping by focusing high-power laser beam 
20
 and continued the expand the 
applicability of the technique to many areas of science from laser cooling of neutral 
atoms 
21
, which won the Nobel prize in Physics honor in 1997, to optical manipulation of 
biological objects, such as live bacteria 
22
, in the 1980s. Today, optical trapping 
techniques have been widely used in the field of physics and biology: for example, the 
biophysical studies of molecular motors, the physics of colloids and mesoscopic systems, 
and polymers and biopolymers 
23
.  
 
1.2.2 Principles of Optical Trapping 
Explanation of how optical trapping works can be done most easily using ray 
optics description 
23
. A photon traveling through an interface of two media with different 
refractive index changes its direction according to Snell’s law. When a beam of light 
illuminates a transparent bead, with a higher refractive index than water, in water, the 
traveling direction of a photon entering into this bead is bent toward the center of the 
bead as shown in Figure 1.4A. The momentum of the photon is changed before and after 
the transmission through the bead, and therefore, by the law of conservation of 
momentum, the bead experiences the change of the momentum which is equal to the 
change of the momentum of the photon in magnitude and opposite in direction (depicted 
as gray arrows in Figure 1.4A). This is in the direction pulling the bead toward where the 
photon initially hits, laterally. Therefore, when a beam of light illuminates a bead, the 
bead is attracted toward where the light intensity is stronger (The bigger gray arrow pulls 
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the bead to the right where the light intensity is stronger, while the smaller one pulls the 
bead to the other direction in Figure 1.4A). As a result, a beam with intensity gradient 
which has the strongest intensity in the center and gets weaker as it approaches periphery, 
can trap a transparent bead with higher refractive index than water, in water, at least 
laterally.  
However, in order to trap the bead in the whole three dimensions, not only the 
lateral direction but also the axial direction should be accounted. In the axial direction of 
the photon flux, a scattering force by the photons affects the momentum of the 
illuminated bead: the bead will be pushed to the direction of the illumination beam due to 
scattering. The illumination light should be focused to form a stable trap in the axial 
direction as well. Figure 1.4B shows how focused beam can create a force which works 
against the scattering force. When the incident angle of a photon is big enough, the axial 
direction of the momentum change of the trapped bead can be backward, and this axial 
forces works against the scattering force. The equilibrium of the axial trap is formed a bit 
past to the focus, as the scattering force is reduced as the bead gets farther from the focus 
(Figure 1.4B). 
When a bead trapped in the beam is displaced from the center of them where the 
intensity is the strongest, it experiences a restoring force toward the center as if it is 
tethered by a Hookean spring by the net effect of momentum changes of photons 
transmitting through. In deed, the potential well created by optical traps are usually close 
enough to be approximated as a harmonic potential well, and the restoring force exerted 
by an optical trap shows a linear response to the displacement of a trapped bead from the 
trap center. Thus, the stiffness of an optical trap is usually measured in pN/nm, which is 
the same unit with the spring coefficient. Likewise, the applied force on a trapped bead 
can be determined by F = k x, where k is the stiffness of the trap and x is the 
displacement of the bead from the trap center, in the vicinity of the trap center. 
 
1.2.3 Application to Single Molecule Studies 
Optical trapping has been successfully employed in single molecule studies for its 
ability to apply pico-Newton level forces to micron-sized beads, which are relevant scales 
in forces and sizes for single molecule studies. Among many state-of-the-art single-
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molecule techniques, optical traps provide the most sensitive measurement of spatial 
displacements with the best time resolution (sub-nanometer spatial and sub-millisecond 
temporal resolution  
24
). Several examples of the topics where this technique has been 
proved its capabilities include 
25
 motor proteins 
26-29
, nucleic acid mechanics 
30-32
, 
packaging motors 
33,34
, protein folding and unfolding 
35-37
, protein-protein interaction 
38
, 
and protein-nucleic acid interaction 
39-41
. 
In this thesis, the optical trapping technique is used to study protein and DNA 
interaction. More specifically, the optical trap signal is employed to monitor the 
movement or the conformational changes of the DNA molecules with nanometer-level 
spatial resolution, while simultaneously manipulating the applied force on the DNA 
molecules 
23,42
. In this type of study, a dielectric bead is attached to a DNA linker, and the 
linker is stretched with enough tension to deviate the trapped particle from the center of 
trap so that one can follow the deviation of the particle increases or decreases with 
respect to the change of linker length induced by the biomolecule of interest, in this case, 
DNA itself. The other end of a DNA can be immobilized on the surface or attached to 
another bead which is suctioned onto the end of a micropipette 
43
 or another optical trap: 
a configuration called dual trap. Recently, the dual trap has demonstrated the capability to 
resolve single base pair steps 
44-46
.  
In single molecule applications, the local heating and laser-induced damages to 
proteins and DNAs near an optical trap, thus the wavelength and the power of the laser 
used to form an optical trap are chosen to minimize this side-effects. Generally, near 
infrared wavelengths are chosen because the region is nearly transparent for most 
biological materials 
47
. The stiffness of an optical trap can be adjusted by varying the 
power of the trapping laser, the size of the bead and relative refractive index of the bead 
to the medium (which is water in most cases), and typically accessible force ranges from 
0.1 pN to 100 pN 
48
.  
Optical traps are capable of monitoring small movements and mechanical changes 
in biomolecules with nanometer-level spatial resolution, and it is a very powerful tool as 
a measuring tool alone. However, its ability to manipulate the applied force directly 
showed that many biological systems are influenced by the applied force. A few 
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examples are hybridization kinetics of DNA oligonucleotides 
16
 and binding and 
dissociation kinetics of proteins to DNA 
49
.  
 
1.3 Single Molecule Fluorescence 
1.3.1 Introduction to Single Molecule Fluorescence 
In ensemble measurements, biological events are averaged and the difference 
among individual events is unmasked. After averaging, the heterogeneity among the 
individual events is hidden. The events may start at different times, so monitoring the 
time trajectories of a system requires synchronization of all the events in the ensemble in 
some ways, which may not be possible at times. Thus, detection of individual events has 
a potential to provide much more information than ensemble measurements can. In the 
last decades, researchers have developed the methods of detecting single molecule 
devents at room temperature by laser-induced fluorescence 
50
 and demonstrated that 
single molecule fluorescence microscopy could reveal the information which were 
inaccessible by ensemble measurements, such as subpopulations in heterogeneous 
ensemble 
51
, conformational dynamics of single proteins 
52
 or single enzyme catalysis 
53
. 
Detection of single molecules fluorescence requires both (1) better fluorescent 
probes (small dye mlecules which are site-specifically attached to the biomolecules under 
the study) and (2) more sensitive detection devices. Good dye molecules for single 
molecule fluorescence must be excitable and emitting in the visible wavelengths, and 
must show little intensity fluctuation. They must also be photostable, bright, small and 
commercially available for conjugation to the biomolecules 
54
. Organic fluorophores such 
as Cyanine and Alexa fluorophores (Cy3, Cy5, Alexa555, Alexa647, etc) are favorite 
choices due to their superior photophysical properties. To improve the photostability of 
fluorescent probes, they can be used in the imaging buffer with an oxygen scavenging 
system 
55,56
 and with a reducing and oxidizing system (ROXS) 
57,58
. 
To detect single molecule events, the signals from single molecules must exceed 
the background noise. The background noise is comprised of the false signals from 
background photons (originating from scattering and fluorescence from impurities) and 
the electrical noise from detectors 
50
. Thus, single-molecule detection can be greatly 
improved by careful elimination of background photons, and total internal reflection (TIR) 
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fluorescence microscopy (TIRFM) is one way to achieve better signal to noise ratio (SNR) 
suitable for single molecule detection. In TIRFM, the molecules of the interest are 
immobilized on the surface, and the samples are excited by an evanescent field which 
decays exponentially extending only 100-200 nm deep from the surface to which the 
samples are bound 
55
. As a result, unnecessary fluorescence from the impurities far from 
the surface is eliminated. Combined with electron multiplying charge-coupled devices 
(EMCCD) 
59
, TIRFM provides high SNR single molecule detection over a wide field of 
view. 
 
1.3.2 Fluorescence Localization 
Although determination of the position of a single fluorescent molecule is 
hindered by the diffraction of visible light, researchers have been able to achieve sub-
diffraction limited resolution with the technique, named FIONA (fluorescent imaging 
with one nanometer accuracy) 
60
. The basic idea of FIONA is to calculate the center 
position of the fluorophore by fitting its point spread function of it to a 2D-Gaussian. The 
spatial resolution of this technique depends on the number of photons collected in the 
point spread function, the pixel size of the detector and the background: when the 
recommended pixel size of 80-120nm is used, a standard error of 1-2nm is achievable 
with 5000-10000 collected photons (Figure 1.5) 
54
. Usually, TIR microscopy is used to 
reduce the background, with an electron multiplication charge-coupled device (EMCCD) 
camera which has very small detector noise, to ensure optimal spatial resolution. FIONA 
and its variants have been successfully used to track the motion of fluorescent dye labeled 
molecular motors 
60,61
.  
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1.4 Figures  
 
Figure 1.1 Force-extension curves of ssDNA and dsDNA. The force-extension curves for 
one nucleotide of ssDNA and one basepair of dsDNA are shown in red and blue, 
respectively. The contour lengths are shown as dotted vertical lines in respective colors. 
To generate the curves, we used the extensible worm-like chain (XWLC) model with a 
persistence length of 53 nm, a stretch modulus of 1,200 pN and a contour length of one 
dsDNA basepair of 0.34 nm, for dsDNA 
17
, whereas we used the extensible freely jointed 
chain model with a persistence length of 0.75 nm, a stretch modulus of 800 pN and a 
contour length of one ssDNA nucleotide of 0.59 nm for ssDNA 
18
.  
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Figure 1.2 Polymer chain structures are shown for (a) double stranded DNA, a 
semiflexible polymer with a double helix backbone and (b) single stranded DNA, a 
flexible chain consisting of 5-carbon sugars linked by phosphodiester bonds 
62
. 
 
 
Figure 1.3 The difference of the gel motilities of ssDNA and dsDNA. A ssDNA and a 
dsDNA molecule with the same length in the number of bases (5000 nucleotides and 
basepairs, respectively) were run on a 1% agarose gel (left half), with a 1 kbp ladder 
(right half). The migration of a dsDNA of 5000 bp is faster than a ssDNA of 5000 nt. 
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Figure 1.4 Ray optics description of the principles of optical trapping 
23
. (A) A bead 
illuminated by a parallel beam with an intensity gradient increasing from left to right. 
Two representative rays are drawn in black lines with arrows. As the rays are refracted as 
they pass through the bead, the bead experiences a change of the momentum as shown in 
gray arrows. As the momentum change induced by the ray with higher intensity is greater, 
the bead will move to the right, toward the direction which light intensity increases. (B) 
A bead illuminated by a focused beam of light with a radial intensity gradient. In this 
case, the direction of the net momentum change is toward to the focus of the beam, which 
forms a stable trap in 3D in balance with the axial scattering force. 
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Figure 1.5 Point spread function (PSF) of fluorescence emission from a single Cy3 dye 
and a Gaussian curve fit to the PSF 
63
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 12 
 
Chapter 2  
Single Molecule Fluorescence-Force 
Spectroscopy 
 
 
2.1 Introduction  
The combination of two single molecule techniques can be useful because 
multilateral information obtained from two different techniques which are 
complementary to each other helps researchers better understand the system. Optical trap 
provides the capability to manipulate the system and follow the length change of a DNA 
linker, while single molecule fluorescence microscopy can monitor binding and 
dissociation of a biomolecule, its movement or conformational change 
64,65
. The setup 
built in our lab combines a piezo stage coupled single optical trap and TIR microscopy, 
with which one can do FIONA experiments of the fluorescent molecule moving on a 
DNA stretched by an optical trap. The setup is also capable of single molecule 
fluorescence resonance energy transfer (smFRET 
55
) measurement, but smFRET has not 
been used for the result presented in this proposal. 
In combined trap and FIONA experiment, optical trap is used to stretch a DNA 
linker so that the movement of a biomolecule along the DNA can be translated to one-
dimensional movement on the sample plane. The applied tension should be high enough 
to suppress the fluctuation of a DNA linker but not enough to interrupt the interaction 
between a biomolecule and the stretched DNA. The signal from optical trap is also used 
to check the validity of the position tracking data from FIONA, because the time 
trajectory obtained from optical trap should not be stable if the FIONA data is only a 
false signal originated from some unwanted sources such as stage drift or the change of 
linker length.  
 
2.2 Instrument Overview 
2.2.1 Optical Scheme of the Hybrid Instrument 
 13 
 
The instrument used in this study is an objective-type TIRF microscope with a 
single optical trap. In case that one operates TIRF microscopy alone without an optical 
trap, one can choose to image either the coverslip side of a sample (Objective-type TIRF, 
Figure 2.1 
54
) or the slide side (Prism-type TIRF, Figure 2.2 
54
). However, in a surface-
based single-beam optical trap, the optical trap is formed very close (< 1 µm) from the 
coverslip surface and the DNA constucts should also be on the coverslip surface. 
Therefore, our choise is limited to the objective-type TIRF microscope, to combine with 
an optical trap. 
To merge the two single-molecule techniques without impairing the capabilities 
of either technique, we made certain adjustments. One of the challenges in combining the 
two techniques is that the fluorescent lifetime of fluorophores is greatly reduced by the 
optical trap 
66
, presumably due to the massive photon flux from the trap. In addition, a 
section of DNA adjacent to the trap remains out of the evanescent field of fluorescence 
illumination and cannot be imaged. To minimize the invisible portion of a DNA tether, 
the height of the trap must be adjusted to be as close to the surface as possible. For the 
same reason, it is advantageous to use longer DNA, which mitigates the enhanced 
photobleaching by separating most of the DNA by a large distance from the trap. 
However, this needs to be considered in conjunction with the fact that the resolution for 
detecting changes in tether extension decreases with increasing tether length, and the 
requirement to fit the entire DNA within the CCD camera screen. Figure 2.3 shows the 
optical layout of the experimental setup. The photos of the instruments are shown in 
Figure 2.4. The instrument is built based on an inverted microscope (Olympus IX71), 
with slight modification to mount a condenser and a dichroic mirror more stably. A 
sample is held horizontally on top of a XYZ piezo-nanostage (Mad City Labs) mounted 
on a manual stage (Semprex) with two micrometers in XY axis, which is fixed on top of 
the microscope. An oil immersion objective lens (100X/1.40, Olympus) is used for 
objective-type TIRF microscopy and optical trapping. Only the vicinity of the coverglass 
– water interface of the sample chamber is excited by 532-nm diode-pumped solid state 
laser (Spectra Physics) for fluorescence excitation, and fluorescence emission is imaged 
onto an EMCCD (electron-multiplying charge-coupled device) camera (Andor iXon) and 
is recorded at the frame rate of 20 Hz. At the center of the fluorescence imaging area, an 
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optical trap is formed a using collimated 1064-nm Nd-YAG laser (Spectra physics). 
Antidigoxigenin coated polystyrene beads (Spherotech. 880 nm in diameter) are used for 
optical trapping. The focus of the trapping laser is adjusted to make the bottom of a 
trapped bead very close to the surface of the sample chamber (<250 nm from the 
coverslip) to ensure that the majority of DNA stretched by the trap is placed within the 
penetration depth of fluorescence excitation. Scattered laser light from a trapped bead is 
collected by condenser lens and imaged onto a quadrant photodiode detector (Pacific 
Sensors). 
 
2.2.2 Experimental Procedures of Fluorescence-Force Spectroscopy 
For this instrument is a surface-based single-beam optical trap 
67,68
, DNA 
constructs needs to be immobilized on the coverslip side, prior to the actual measurement 
(In fact, we do not need to immobilize them only on the coverslip side, for the 
convenience of sample preparation, we allow DNA constructs to attach on the slide side, 
too, but they are not imaged at all.). After the sample chamber is assembled with a 
coverslip and a slide, passivated with a layer of polyethyleneglycol (PEG) with 1% of 
which are labeled with a biotin (PEGylated coverslips and slides are prepared separately 
following a standard protocol 
54,69
), neutravidin 
70,71
 is injected into the chamber and is 
incubated for 5 minutes to make sure almost all biotin-PEG molecules on the surface is 
conjugated with a neutravidin. Free excessive neutravidin molecules in the chamber are 
washed away. Next, DNA constructs are injected into the chamber. For them to be 
immobilized on the surface through biotin-neutravidin-biotin bonds, DNA constructs 
have a biotin-label on the one end. On the other end, there should be labeled another 
molecule, to attach polystyrene beads. Our favorite choice of the second antigen is 
digoxigenin. After 5 minutes, free DNA constructs which were not immobilized during 
the incubation time are washed away. The final step of the sample preparation is anti-
digoxigenin coated polystyrene beads. The beads are attached to the end of DNA 
constucts where digoxigenin is labeled. After 45 minutes of incubation with 
antidigoxigenin coated beads, we make sure that a good enough number of beads is 
tethered on the coverslip surface by the DNA constructs. To minimize the interference 
from the other beads and DNA constructs, the spacing between the neighboring tethered 
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beads should be far apart, but to minimize the time to search for a nice tethered bead, the 
surface density of bead-DNA complex should not be too low. The final step of sample 
preparation is the injection of imaging buffer. The imaging buffer contains biomolecules 
whose interaction with the DNA constructs immobilized on the surface are under study. 
The prepared sample is staged on the microscope, and the focus is adjusted to the 
coverslip surface. By looking at the scattering pattern of the detection laser, one can 
adjust the axial focus with the precision of < 100 nm. To collect as much as possible 
scattering light from the trapping laser, we apply immersion oil on the slide side of the 
sample and engage the condenser lens. The axial position of the condenser lens should be 
adjusted to set up Köhler illumination 
72
 condition. Realignment of the condenser lens 
keeps the calibration factors of a position detector the same every experiment. The 
scattering light from the optical trap is now impinged on the position detector, and there 
should not be any bubbles in the immersion oil between the objective lens and the 
coverslip and between the condenser lens and the slide, because the shadow of the 
bubbles interfere the position detection. Using an infrared sensor card (Newport) just in 
front of the position detector, the presence of bubbles can be double-checked, if there are 
any bubbles, they should be removed. After that, the position of the position detector 
should be realigned. For the signal from the position detector should read zeros in both 
axes when there is nothing trapped in an optical trap, the position of the detector is 
adjusted to make the signal zero by using the manual stages on which the position 
detector is mounted. 
Next, we find a tethered bead whose radius of movement corresponds to the 
length of DNA constructs immobilized in the sample and trap it. The trapped bead-DNA 
is stretched in the X and Y axis by moving the surface by operating the piezo stage where 
the sample is held while keeping the position of the optical trap fixed.  
The force-extension curves are measured in both axes. The origins of symmetry of the 
curves in the X and Y axis are the coordinate of the tethering point on the surface in the 
respective axis, which coincides with the biotin-end of the DNA constructs. Now, the 
coordinate of the piezo stage is resetted to the biotin-end of the DNA constructs, so that 
we think of the position of the piezo stage as the position of the optical trap (and the 
trapped bead) with respect to the biotin-end of DNA construct. Whether the DNA 
 16 
 
constructs attached to the bead is really the DNA constructs which we want to examine 
should be checked and if it shows spurious stretching curves the bead-DNA should be 
discarded and another good tethered bead should be found. 
In order to do fhe fluorescence imaging on the DNA being stretched by the optical 
trap, of course, the DNA should be inside the field of view of the fluorescence camera 
and we need to know where on the images the DNA is held. Since DNA is invisible in 
our fluorescence images, we locate a DNA substrate in the following way. Prior to the 
experiment, a mapping of how an object on the camera screen moves with respect to the 
displacement of the piezo stage, so that a specific spot on the surface can be tracked no 
matter how the piezo stage is moved once the initial position on the camera screen and 
the initial position of the piezo stage is known. After trapping a bead tethered by a DNA 
substrate on the surface, the applied tension to the DNA tether is measured as the piezo 
stage is moved back and forth along the X axis to find the origin of symmetry. The same 
steps are repeated for the Y axis to find the origin in the Y axis. The origin corresponds to 
where the DNA is tethered on the surface. When the stage is at the origin of the stretching 
curves, a trapped bead that is at the center of the trap should be on top of the tethering 
point, i.e. the biotin-end of the DNA construct. At the origin, we image the trapped bead 
with bright-field illumination, and fit the image to 2D Gaussian to mark the lateral 
position of the trapped bead, which should corresponds to the position of the 5’-end. This 
procedure is done for every bead before starting the fluorescence imaging. As the stage is 
moved to stretch the DNA, the position of the biotin-end is tracked on the camera screen 
using the aforementioned mapping. This locates the position of the biotin-end of the 
DNA construct and the position of a trapped bead on which the other end of the DNA is 
attached. The DNA substrate lies in between these two points. 
Every preliminary step is complete. The tension of choice is applied to the bead-
DNA complex by moving the piezo-stage, and the time trajectories of appliend force 
(tension) from the optical trap and the time series of the fluorescence images of the DNA 
from the camera are monitored and recorded while waiting for the biomolecule of interest 
to bind to the DNA constructs being stretched and perform its function.  
 
2.3 Optical Trap in the Hybrid Instrument 
 17 
 
2.3.1 Trap Calibration 
A quadrant photodiode detector (QPD) is used for detecting the position of a bead 
in an optical trap 
73-75
. A QPD, with its two by two arrays of photodiodes, can measure 
the total intensity and the difference of the intensity in the horizontal direction and the 
vertical direction of incoming light hitting it and return read outs in the voltages; Vsum, 
Vx and Vy, respectively. As the position of a bead in an optical trap changes, the pattern 
of the scattered light impinged on the QPD also changes, and, as a result, the voltage 
readouts change as well. So, a mapping between the position of a bead and these voltage 
signals can be created and using this map, the position of a bead can be determined by 
reading the signal from QPD. In the vicinity of the center of a trap, the displacement of a 
bead shows a linear response to Vx/Vsum and Vy/Vsum in the respective axes, and the 
position detector calibration is a process finding the conversion factor between the 
relative voltage and the real displacement. When needed, the maximum radius of the 
calibrated positions can be extended over the linear region by using 2D, fifth order 
polynomial fit to cover larger bead-displacements 
68
. 
The power spectrum method 
76,77
 was favorite choice of mine among various trap 
calibration methods, because it provides both the conversion factor for the position 
detector and the trap stiffness at the same time. Approximating an optical trap as a 
harmonic potential, the following Langevin equation is the equation of motion of the 
bead in the trap, according to the Einstein-Ornstein-Uhlenbeck theory of Brownian 
motion 
78
.  
  ̈( )     ̇( )    ( )  (     ) 
  ⁄  ( )      (2.1) 
, where m is the mass of the bead, x is the position of the bead, γ is the friction coefficient, 
κ is the trap stiffness, and the right hand side of the equation is the random Brownian 
force at the absolute temperature T (kB, the Boltzmann constant). As for x, we can write,  
 ( )    ( )      (2.2) 
, where V is the “relative” voltage signal from the position detector (Vx/Vsum or 
Vy/Vsum) and β is the conversion factor for the position detector. Assuming the 
specification for the density and the size of the bead from the manufacturer is accurate 
enough for our application and the bead is close enough to a sphere, we can calculate the 
mass of the bead, m. So, the unknowns are the friction coefficient γ, the trap stiffness κ 
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and the conversion factor β.  Inertial terms are dropped following Einstein and rewriting 
the Langevin equation in V instead of x yields 
76
,  
 ̇( )       ( )  (  
 )  ⁄  ( )      (2.3) 
, where the corner frequency fc and the diffusion constant D
V
 are   
        ⁄       (2.4) 
      ⁄   
 ⁄        (2.5) 
The power spectrum derived from (2.3) is,  
   〈  
   〉       ⁄ (  
    
 )⁄       (2.6) 
, and fitting (2.6) to the experimentally measured power spectral distribution returns the 
corner frequency fc and the diffusion constant D
V 
(Figure 2.5). Therefore if the friction 
coefficient γ is determined, then we can get both the trap stiffness and the conversion 
factor for the position detector:  
             (2.7) 
  (     
 ⁄ )  ⁄       (2.8) 
 
One way to determine the friction coefficient is to assume that the bead is a 
perfect sphere and use the friction coefficient for spherical particles derived by Stoke’s 
law 
76
. However, in our application, the trapped bead stays very close to the surface and 
experiences a significant hydrodynamic friction and the friction coefficient changes by a 
fair amount. The modified friction coefficient can be estimated by Faxen’s law 23 if the 
height of the bead from the surface and the diameter of the bead is known. The other way 
is just to use another position detector calibration method and find out the friction 
coefficient γ by comparing the conversion factors from the two methods.  
 
2.3.2 Imaging Trapped Beads with a CCD Camera 
With the EMCCD camera, the bright-field images of trapped beads can be 
recorded, and these images can be used to determine the position of the beads in 3D at 
sub-piexel spatial precision, by fitting the image to a defocused 2D Gaussian as 
demonstrated by Toprak et al. 
79
. A bright field image of a bead and the fitting result of 
the image are shown in Figure 2.6. Fitting returns three parameters: the position (in pixel) 
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in X and Y on camera screen and the radius of the defocusing ring. To convert these 
numbers into nanometers, another calibration step is required and it is explained later. 
In order to determine the height of a trapped bead, a sample of Cy3-labeled DNA 
oligos immobilized on the surface with free beads is prepared. After trapping a free bead, 
a bright-field image of the trapped bead at the fluorescence focus is recorded to find the 
defocusing radius of a trapped bead and to determine the height of the optical trap.  
To map the voltage signal from QPD to the lateral position of a trapped bead, a 
DNA construct is stretched while the bead is imaged by bright-field illumination. For 
each frame, we get the lateral displacement of the trapped beads in the bright-field 
images and the voltage signal from the QPD. With this relation, a calibration curve is 
created. Using the slope of the linear region in the calibration curve (Figure 2.7), the real 
friction coefficient (from the previous section) can be determined and the trap stiffness 
and the conversion factor for the position detector are also updated accordingly.  
 
2.4 TIRF Microscope in the Hybrid Instrument 
2.4.1 Mapping EMCCD Camera to the Piezo-electric stage 
In order to analyze the dynamics observed on a camera screen not in the unit of 
pixels but in the real distance unit, the camera screen needs to be calibrated. Prior to the 
experiment, the position of a fluorescent bead immobilized on the coverslip surface is 
tracked via EMCCD camera while scanning the piezo stage in the X and Y axis, to create 
a mapping between the piezo stage and the camera screen. As a result, the pixel-to-
nanometer conversion factor is also determined. 
The calibration is performed not only in the lateral directions but also in the axial 
direction. A sample of Cy3-labeled DNA oligos and beads immobilized on the surface is 
imaged by bright-field microscopy at various axial positions, which are obtained by 
displacing the sample with a piezoelectric stage. The defocused images of beads are used 
to calibrate the relation between the defocusing radius of the beads in bright-field images 
and the axial displacement of the beads from the fluorescence focus, which is determined 
by monitoring the fluorescence of Cy3 fluorophore 
79
. Figure 2.8 shows the raw data 
from the height (axial position) calibration experiment. A series of bright-field images of 
a stuck bead on the surface was analyzed while moving the sample in the axial direction 
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by known distance (using piezo-stage). A group of data points forming a nearly vertical 
line at around 6 px in the X axis in Figure 2.6 is the data from a trapped bead. The height 
of a trapped bead does not change, until the piezo-stage moves too much and the trapped 
bead touches the surface and starts moving together with other stuck beads. 
 
2.4.2 Two Dimensional Gaussian Fitting of Fluoresence Images 
In order to analyze the movement of fluorescent molecules at sub-pixel spatial 
precision, a 2D Gaussian is fit to the raw images and the position of the center of the 
Gaussian is taken. To do the fitting, we have to manually define the rectangular subset of 
the raw fluorescence movie that contains only the molecule of interest, at the chosen 
frames of interest. Otherwise, the 2D Gaussian fitting result will be nonsense, and this 
can contaiminate your data. This is the most inefficient part of the experiment and 
various, albeit heuristic, methods have been tested for automation, but none of them has 
been successful.  
Generating a kymogram for every movie is very useful, in that it provides an 
overview of what happened in the movie in a single image and also reduces the time 
spent on defining the rectangular area for 2D Gaussian fitting for every frame, 
dramatically. Evenmore, the fitting result can be overlaid on top of the kymogram, which 
is useful in discarding non-successful fitting results, which is not straight forward to do, 
by looking at the fitting result itself. To generate a kymogram, we smooth a movie by 
taking a moving average of 10 frames. For each frame of the ‘smoothed’ movie, the 
intensity of pixels near the line segment where a DNA construct lies is analyzed. For each 
pixel on the line, we take the mean of the intensity of the pixel and the 2 neighboring 
pixels across the line to generate a strip with a 1 pixel width for the frame. This is 
repeated for all frames and the strip for each frame is put together to generate an image as 
wide as the number of frames (Figure 2.9). By monitoring the time course of each 
fluorescent molecule at a glance on a kymogram, the area of interest and the frame of 
interest for eac molecule can be defined easier.  
 
2.5 Sample Preparation Protocols 
2.5.1 Polymer-Passivated Surface Preparation 
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A coverglass of white borosilicate (VWR) and a quartz slide are coated with a 
layer of polyethyleneglycol (PEG) to passivate the surface from nonspecific adsorption of 
proteins, following a common protocol for preparing the PEGylated surface 
54
. A 
subpopulation of PEG molecules is biotinylated, so that biotinylated DNA constructs can 
be immobilized on the surface through biotin-neutravidin-biotin bonds. The followings 
are the protocols of PEGylation. 
1. The quartz slides should have two holes (in-let and out-let) per one sample 
chamber, for injecting buffers. The holes are drilled manually, and the number 
of holes is determined according to one’s application. 
2. (When reusing old quartz slides) Boil the slides in water using a microwave 
for 5-10 min. Use razor blades to remove the coverslips off from the slides. 
Scrape out remaing epoxy and residues of sticky tapes. 
3. Take out aminosilane out of the -20 ºC freezer, and keep it in dark for a few 
hours at RT. 
4. Scrub the slides with acetone. 
5. Scrub the slides with 10% alconox. Make sure that there are no visible 
impurities on the slides. 
6. Rinse with tap water and rinse with distilled water. 
7. Boil the slides for 10 min. 
8. Put the slides and the new coverslips in separate containers. 
9. Pour acetone in them and sonicate for 30 min.  
10. In the meantime, sonicate a flask with 1M KOH, and sonicate for 10 min. 
11. Rinse with water and pour MeOH in the flask and sonicate for 20 min. 
12. Rinse the containers with the slides and coverslips with water. 
13. In the meantime, rinse the flask with MeOH a couple of times when the 
sonication is over. Dry the flask with nitrogen and seal the flask with parafilm 
for later use. 
14. Burn the slides and coverslips with propane torch. This step is to remove 
impurities remaining on the surface of slides and coverslips.  
15. Rinse the slides and coverslips with water. 
16. Pour 10M KOH in the containers and sonicate for 20 min. 
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17. Rinse with water 5 times. 
18. Rinse with MeOH twice and sonicate the containers for 5 min. 
19. Rinse with MeOH twice and sonicate the containers for 5 min. 
20. Take out PEG from -20 ºC freezer, and keep it in dark for a few hours at RT. 
21. Remove the seal and pour 150 mL MeOH, 7.5 mL acetic acid and 1.5 mL 
aminosilane into the flask. Mix it well and quickly.  
22. Remove MeOH in the containers and pour the solution in the flask into the 
containers. 
23. Incubate 10 min on bench top. Sonicate for 1 min, and incubate 10 min again. 
24. In the meantime, dehydrate and seal the aminosilane bottle, and store it back 
at -20 ºC freezer. 
25. Remove the solution in the containers and rinse with clean MeOH twice. If 
you smell acetic acid, rinse more. 
26. Dry the containers with nitrogen and cover the lids of the containers. 
27. Make sodium bicarbonate buffer for PEG. 84 mg of sodium bicarbonate in 10 
mL of water. 
28. Dissolve 2 mg biotin-PEG, >100 mg mPEG into 400 µL of sodium 
bicarbonate buffer. The total amount of PEG solution can be scaled up while 
maintaining this ratio. 80 µL of PEG solution is required per slide. 
29. Mix it gently. Centrifugate at 10000 g. 
30. Prepare water-filled boxes in which slide can be stored. Put a slide in the box, 
and drop 80 µL of the PEG solution on top of it and sandwitch it by placing a 
coverslip on top. Repeat this for all the slides and coverslips. 
31. Incubate for 4 hours. 
32. In the meantime, dehydrate and seal the PEG bottles, and store them back at -
20 ºC freezer. Wash the containers and the flask. 
33. For each sandwitched coverslip and slide, separate them and wash them 
individually with a lot of water, and dry them with nitrogen. Store the pair in a 
tube with a hole. Repeat this for all the pairs. 
34. Put the tubes in food saver bags and vacuum them. Store them at -20 ºC 
freezer.  
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2.5.2 Preparation of Anti-Digoxigenin Coated Beads 
Dielectric beads of various sizes are chosen for different reasons. In general, 
larger beads provide stronger and stable optical traps and are easier to work with. 
However, if the observation of fluorescent biomolecules on a stretched DNA between the 
surface and a trapped bead is your goal, then the height of the bead should be smaller and 
smaller beads might be preferred. More complex optimization is possible by coating 
beads with different materials 
80
. In this thesis, protein G coated polystyrene beads of 880 
nm in diameter (Spherotech) were chosen. The anti-digoxigenin coating of the beads was 
done following the protocol below 
69
. 
 
Material 
1. Protein G coated polystyrene beads 
2. MES 
3. EDC (N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide) hydrochloride 
(cross linker, Sigma-Aldrich) 
4. NHS (N-Hydroxysuccinimide, catalase, Sigma-Aldrich) 
5. Anti-digoxigenin (Roche) 
 
Buffer Solutions  
1. MES buffer 
- Cross linking buffer. 
- 100 mM MES. Adjust pH at 6.5 using 5M NaOH. 
- It should be prepared just before use and kept on ice 
2. Reconstitution buffer 
- Anti-digoxigenin powder will be reconstituted in this buffer 
- 0.019 M NaH2PO4, 0.081 M Na2HPO4, 0.14 M NaCl, 2.7 mM KCl.  
3. Bead storage buffer 
- 0.039 M NaH2PO4, 0.061 M Na2HPO4, 0.14 M NaCl, 2.7 mM KCl, 
0.1 mg/ml BSA, 0.1 % (v/v) Tween-20, 0.02% (w/v) sodium azide.  
4. Termination buffer 
- Stops crosslinking reaction by adding Tris 
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- 1M Tris at pH 6.8 
 
Protocol 
1. Resuspend protein G coated beads, and take 250 µL of it. 
2. Transfer beads into a fresh made MES buffer. Transfer beads 3-4 times by 
centrifugation. Final volume of the bead solution resuspended in MES buffer 
should be 175 µL. 
3. Dissolve 50 mg EDC in 1 mL MES buffer. Add 50 µL of this solution to the 
bead solution. 
4. Dissolve 50 mg NHS in 1 mL MES buffer. Add 25 µL of this solution to the 
bead solution. 
5. Sonicate briefly for several seconds, and tumble the tube for 30 min at RT. 
6. Dissolve 200 µg of anti-digoxigenin in 200 µL of the reconstitution buffer. 
Add 30 µL of the anti-digoxigenin solution to the tube. 
7. Tumble the tube for 2 hours at RT. 
8. Add 15 µL of the termination buffer to stop the crosslinking reaction. 
9. Tumble for 30 min. 
10. Transfer beads into the bead storage buffer three times. 
11. Store at 4 ºC. 
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2.6 Figures 
 
Figure 2.1 The schematic layout of objective type TIRF microscopy 
54
. 
 
 
Figure 2.2 The schematic layout of prism type TIRF microscopy 
54
. 
 
 26 
 
 
Figure 2.3 The schematic layout of combined optical trap and single molecule 
fluorescence. 
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Figure 2.4 The setup pictures. The top-left panel shows the optical trap part of the 
instrument. The top-right panel shows the position detector and the custom-built 
condenser system. The bottom-left and bottom-right panels show the fluorescence 
detection and the fluorescence excitation part of TIRF microscopy, respectively. 
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Figure 2.5 The experimentally measured power spectrum of a bead inside an optical trap. 
100 power spectral distribution (PSD) curves were averaged. Blue and red PSD curves 
correspond to PSD in X and Y axis, respectively. Light green curves are the fitted 
Lorentzian curves. 
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Figure 2.6 A bright field image of a bead on a CCD camera. (A) A raw image of a bead. 
(B) The result of fitting this image to a 2D defocused-Gaussian function. Blue curves are 
the raw data and the red curves are the fitted 2D defocused-Gaussian. The top panel 
shows the fitting result in X axis, while the bottom is for Y axis. 
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Figure 2.7 Comparison between the real position of a bead determined by imaging 
directly using CCD camera and the position determined by reading QPD voltage response. 
Blue markers are the raw data and the green curve is the result of a fifth order polynomial 
fit to the data. The radius of the linear region is around 120 nm, and within the area, the 
two position is very close to each other (The slope of the linear region -1.08). 
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Figure 2.8 Height (axial position) calibration using EMCCD camera and the 
determination of the height of a trapped bead. A series of bright-field images of a stuck 
bead on the surface was analyzed while moving the sample in the axial direction by 
known distance (using piezo-stage). A group of data points forming a nearly vertical line 
at around 6 px in the X axis are the data from a trapped bead. The height of a trapped 
bead does not change, until the piezo-stage moves too much and the trapped bead touches 
the surface and starts moving together with other stuck beads.  
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Figure 2.9 An example of kymograms (generated with a translocating UvrD). The 
position trajectory (light green) obtained from 2D Gaussian fitting of fluorescence images 
is overlaid on top. 
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Chapter 3  
Preparation of Multi-kilobase ssDNA 
Constructs 
 
 
3.1 Asymmetric Polymerase Chain Reaction (PCR) 
The width and height of one pixel of our EMCCD camera correspond to a few 
hundred nanometers after magnification through the microscope and the fluorescent 
detection optics. Therefore, we wanted to make the ssDNA region of DNA construct 
longer than 1 kilo-nucleotides, so that we could see a large movement of a biomolecule 
on ssDNA over a few pixels even without FIONA. The synthesis of ssDNA oligomers of 
such length, which can be customized to anneal with my DNA construct, is not 
commercially available. Thus, I made a long ssDNA (1251 nt) by asymmetric polymerase 
chain reaction (PCR) using M13mp18 ssDNA (New England Biolabs) as a template. By 
modifying the primers used in the PCR reaction, sequences at both ends of PCR product 
can be adjusted as desired up to ~20 nucleotides. The final ssDNA product is designed in 
a way such that it can be annealed with a short (18 nt) biotinylated ssDNA oligo (for 
immobilization on surface) at one end and a dsDNA handle at the other end.  
The role of a dsDNA handle is to connect the long ssDNA product and a bead 
manipulated by an optical trap. The length of a dsDNA handle is chosen to be ~7000 bp 
(6956 bp) due to the following reasons: (1) To obtain better resolution on the length 
change of DNA construct than in the case of λ-DNA handle (48.5 kbp) which has been 
used in our lab 
64
 (2) To minimize IR laser-induced photobleaching of fluorophores 
through unwanted two-photon excitation 
81
, we want to separate the region of interest as 
far as possible from an optical trap. The 7kbp dsDNA handle that I made by performing 
autosticky PCR 
82
 with λ-DNA (Promega) as a template has 5’ 12nt overhang which can 
be annealed with the long ssDNA at one end and digoxygenin modification at the other to 
be linked with an anti-digoxygenin coated polystyrene bead. 
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3.2 Digestion by Exonucleases 
In addition to overcoming the issue of ssDNA forming secondary structures, the 
preparation of pure, long ssDNA constructs with custom modifications (usually required 
for single molecule force spectroscopy) poses additional technical challenges. Although 
asymmetric polymerase chain reaction (PCR) 
83
 or terminal transferase reaction with 
deoxyribonucleotides can produce long ssDNA 
84
 with custom modifications at the 5’-
end, the ssDNA product from these methods is a mixture of different lengths or 
sequences. To get higher-purity ssDNA constructs, dsDNA constructs can be produced 
with all the required modifications using standard PCR first, followed by removal of one 
strand from the constructs later, via either overstretching 
18
, chemical or thermal 
denaturation 
85
, or exonuclease treatment 
86,87
. 
To avoid base-pairing interactions between different ssDNA molecules, we 
immobilized the dsDNA constructs on the surface before removing one strand. Once they 
are immobilized, spatial separation ensures that all the constructs are single DNA 
molecules even after they become single-stranded. We used T7 exonuclease to digest one 
complementary strand away from the dsDNA constructs on the surface in situ. The 
dsDNA construct has a biotin label at the 5’-end of the UvrD tracking strand that is 
shielded by neutravidin binding, so only the 5’-end of the complementary strand is 
exposed to the 5’-to-3’ exonuclease. The reaction thus creates a partial duplex DNA with 
a dsDNA region near the surface and a 3’-ssDNA tail protruding away from the surface 
(Figure 3.1). Double-stranded DNA (4957 bp) constructs were synthesized using 
polymerase chain reaction (PCR) using a biontinylated primer and a regular primer 
(Figure 3.1A). The PCR product encompassed the sequence [19360, 24316] from 
bacteriophage λ DNA (New England Biolabs). Purified PCR products were incubated 
with terminal transferase (New England Biolabs) and digoxigenin-11-dideoxyUTP 
(ddUTP, Roche Applied Science) to label 3’-ends of the PCR product with a single 
digoxigenin modified ddUTP (Figure 3.1B). After the 5 kbp dsDNA (4957 bp + 1 nt) 
constructs are immobilized on the surface, T7 exonuclease (New England Biolabs) is 
injected into the chamber (Figure 3.1C). Due to the biotin-neutravidin coupling on the 5’-
end of one strand, the only available initiation site is the 5’-end of the complementary 
strand, thus only the latter strand is selectively digested (Figure 3.1D). After the reaction, 
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a partial duplex with long 3’-ssDNA tail (Figure 3.1E) or a fully single-stranded (Figure 
3.1F) DNA construct is generated. The length of the duplex region can be controlled by 
the incubation time of the exonuclease reaction. 
For each DNA molecule, the lengths of both the 3’-ssDNA tail and duplex 
segment were estimated by fitting the force-extension curve of the molecule to the 
theoretical polymer models of ssDNA and dsDNA. We used the extensible worm-like 
chain (XWLC) model and extensible freely-jointed chain (XFJC) model for dsDNA and 
ssDNA sections, respectively 
17,18
. For the dsDNA segment, we used the extensible 
worm-like chain (XWLC) model with a persistence length of 53 nm, a stretch modulus of 
1200 pN and a contour length of one dsDNA basepair of 0.34 nm 
17
. For the ssDNA 
segment, we used the extensible freely jointed chain model with a persistence length of 
0.75 nm, a stretch modulus of 800 pN and a contour length of one ssDNA nucleotide of 
0.59 nm 
18
. After 30 mins of exonuclease treatment, 70% of the molecules had a ssDNA 
region longer than 3,500 nucleotides (Figure 3.2).  
 
3.3 Rolling Circle Amplification (RCA) 
Rolling circle amplification (RCA, or rolling circle replication; RCR) is a method 
to generate a long chain of ssDNA molecules. The method has been widely employed in 
multiple applications 
88,89
. RCA requires a circular ssDNA template and a primer 
oligonucleotide hybridized to the template, for DNA polymerase to bind on the 3’-end of 
the primer and initiate replication of the circular template. When replication of the 
template is finished and the polymerase encounters the 5’-end of the primer, the 5’-tail of 
the generated strand starts to melt away so that the DNA polymerase can proceed and 
continue replication. DNA polymerase repeats the replication thousands cycles 
generating a very long ssDNA product until it is stopped. The advantage of RCA is that 
once the circular template DNA is made, the replication is very easy and can be done in 
15 min. RCA is a great method to generate ssDNA molecules without any secondary 
structure for the following reasons:  
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1. The user can customize the sequence of the ssDNA products, thus the 
secondary structures can be avoided, only if a circular DNA template with the 
complementary sequence of the user-defined sequence can be made. 
2. Although there are uncertainties in the length of ssDNA products, all the 
products are purely single-stranded. 
3. ssDNA products from RCA synthesis can be even longer than 10 kb, which is 
not trivial in PCR. The length is important in imaging protein dynamics along 
ssDNA, because the end-to-end distance of ssDNA gets shorter as the 
appliend tension gets smaller, unlike in the case of dsDNA. For example, at 1 
pN, the end-to-end distance of 1 nt ssDNA is only a quarter of 1 bp dsDNA. 
Therefore, if a low tension is required for the application, the length of ssDNA 
molecules should be much longer. 
In order to generate a secondary-structure-free ssDNA product, we employed the 
RCA synthesis method (Figure 3.3). The sequence of the template and the primer 
oligonucleotide were 5'- AGG AGA AAA AGA AAA AAA GAA AAG AAG G -3’ and 
5'- TCT CCT CCT TCT -3’, respectively. The 5’-end of the primer oligonucleotide is 
labeled with biotin, for surface immobilization of the ssDNA product. With this design, 
the product has only thymidines and cytidines and intra-molecular base-pairing 
interactaions are prevented. First, a template oligonucleotide is annealed to a primer 
oligonucleotide to form a circular partial duplex DNA with a nick. T4 DNA ligase (NEB) 
is employed to ligate the nick and to make a covalently closed circular ssDNA template. 
Adding phi29 DNA polymerase (NEB), dTTP and dCTP initiate the replication. After 12 
min, digoxigenin-11-ddUTP (Roche) is added to label the 3’-end of the ssDNA product 
with digoxigenin to attach anti-digoxigenin coated beads, and also to prevent the 
elongation of the ssDNA product. Phi29 DNA polymerase exhibits superb processivity 
and strand displacement activity 
90,91
, and is able to generate a very long ssDNA with a 
length of 65,000 nt 
62
. 
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3.4 Figures  
 
 
Figure 3.1 Preparation of DNA constructs (A) Biotinylated 4957 bp dsDNA constructs 
are produced by PCR. (B) Terminal transferase is employed to label the 3’-ends of the 
constructs with digoxigenin. (C, D) The constructs are immobilized on the imaging 
surface, and T7 exonuclease is injected into the sample chamber to digest one strand 
away from the dsDNA constructs. (E) The end result is partial duplex DNA constructs 
with long 3’-ssDNA tails. (F) As the reaction time is increased, the ssDNA tail becomes 
longer, ultimately producing fully single-stranded constructs. 
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Figure 3.2 The length of the ssDNA segment within the DNA substrates (A) Force-
extension curve of a DNA substrate shown with theoretical curves based on standard 
polymer models: the experimental data taken while the molecule is stretched (circle) and 
relaxed (cross) is in red; the theoretical curves for fully dsDNA (4,958 bp, dashed line), 
fully ssDNA (4,958 nt, dotted line) in black, and the fitting result (1,373 bp + 3,585 nt). 
Unzipping of secondary structures is observed while the molecule is stretched, so, only 
the data points at very low forces, where the molecule behaves like a DNA with only the 
dsDNA segment, and at forces above ~10 pN, where all the secondary structures are 
removed, are used for fitting. This molecule has ~1,400 bp (dsDNA) and ~3,600 nt 
(ssDNA). (B) The distribution of ssDNA length within the DNA constructs. After 30 min 
of T7 exonuclease digestion, more than half of the DNA constructs possess a ssDNA 
segment longer than 4,000 nt. 
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Figure 3.3 Schematic of rolling circle replication for ssDNA synthesis 
62
. 
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Chapter 4  
Probing Homology Search Mechanism 
on RecA Filament Formed ssDNA 
 
 
4.1 Introduction 
DNA in a cell is often damaged and the damage should be repaired to preserve 
genomic integrity. RecA is one of the proteins involved in DNA repair process: this 
protein plays a pivotal role in homologous recombination which is one of the most 
important pathways for DNA repair 
92
. RecA can form long protein filaments on single 
stranded DNA (ssDNA) generated in the process of double strand break repair, and 
mediates homology search and strand exchange reaction between homologous double 
stranded DNA (dsDNA) molecule and the template ssDNA region on which the protein 
filament is bound (Figure 4.1). The formation of RecA filament is a cooperative process. 
After relatively slow nucleation on ssDNA, additional RecA units bind and extend the 
protein filament in the 3’ direction in an ATP-dependent manner. Although RecA 
filament formation on dsDNA is extremely slow, the filament formed on ssDNA 
continues to extend beyond the ssDNA-dsDNA junction. The dissociation of RecA 
monomer from the filament is coupled with ATP hydrolysis and the dissociation is faster 
at 5’ end than 3’ end 13.  
The crystal structure of RecA filament bound to ssDNA and dsDNA template is 
displayed in Figure 4.2. The filament is a helix of RecA monomers with the template 
DNA in its central axis. There are ~6.2 RecA monomers per helical turn, and the average 
rise between nucleotides ~5.1Å 93. RecA has two binding sites. The high affinity primary 
binding site binds to the template ssDNA of RecA filament. On the other hand, the low 
affinity secondary binding site is known to be where DNA strands are recruited for 
homology recognition and subsequent strand exchange reaction 
94
. It is also reported that 
the outgoing DNA strand binds to the secondary binding site after strand exchange 
reaction 
95
. The putative RecA secondary binding site is shown in Figure 4.3, where 
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lysine and arginine residues form a solvent exposed surface with a positive electrostatic 
potential which can associate with negatively charged DNA molecules. 
The mechanism of homology search is not well understood due to the lack of 
sensitive assays to address this question. During the search for homology, DNA 
molecules may continue to bind to a RecA filament and completely dissociate from it 
until the molecule find its homology. Alternatively, DNA molecules may slide on the 
filament in a directional manner reading through the template DNA sequence. One-
dimensional diffusion presents another possibility. Ensemble experiments which have 
been performed so far could not find any evidence of sliding of DNA molecules on the 
filament. Rather, it is proposed that sliding is not a predominant mechanism of homology 
search 
96
. However, the high magnesium concentration used for strand exchange 
reactions in ensemble experiments shortens the dwell time of non-homologous DNA 
molecules bound on a RecA filament, and subsequently limits the distance which a DNA 
molecule can slide. Direct observation of a single DNA molecule during homology 
search is enabled by the combination of two single molecule techniques introduced in the 
following sections. This can provide better understanding of the mechanism of how RecA 
mediates the search for homology. 
 
4.2 RecA Filament Formation on Long ssDNA 
When RecA forms a filament on DNA, the contour length of the template DNA 
should increase, because average rise between nucleotides in the filament is longer (5.1Å) 
as compared to B-form DNA case 
93
. In order to form long, stable RecA filament, a DNA 
construct is incubated in a buffer with 2.5μM RecA, 1mM ATPγs, 10mM Mg2+, 100mM 
Na
+
 and 1nM SSB (Single-Stranded DNA binding protein) at 37°C. The dissociation of 
RecA monomer from filament requires ATP hydrolysis. Hence, the filament formed with 
ATPγs as a cofactor is much more stable compared to that formed with ATP. The 
presence of SSB in the incubation buffer is also important because RecA filament can not 
extend over DNA secondary structures which are eliminated by SSB 
97
. Interestingly, 
higher than optimal SSB concentration also results in inhibition of filament formation by 
ssDNA region dominated with SSBs and RecA filament does not grow even after buffer 
is replaced with excessive RecA and no SSB (unpublished data). This is interesting 
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because it seems that it does not agree with the previous result that showed RecA 
filament growth can remove or redistribute a SSB protein on ssDNA 
13,98
. In the previous 
study, a single SSB protein bound on DNA is tested. For longer DNA constructs, it is 
possible for multiple SSB proteins to bind. Figure 4.4 shows DNA stretching curves 
when RecA filament is not formed (black curve) and is successfully formed (red curve). 
The formation of RecA filament lengthens the template DNA by significant amount. The 
experiment is performed only with the DNA constructs where RecA filament formation is 
complete. 
 
4.3 Statistics of Non-homologous dsDNA Binding Events 
The binding dwell time and binding position in XY plane for each binding event 
are obtained from total 93 binding events. 39 bp dsDNA whose sequence is non-
homologous to the sequence of the template DNA construct for RecA filaments is added 
to the sample chamber, after RecA filaments are formed completely. The binding events 
of the dsDNA are monitored by fluorescence of a Cy3 dye labeled on the 5’-end of one of 
the two strands of the molecule. The distribution of the binding dwell time fitted to single 
exponential decay curve is shown in Figure 4.5A. The lifetime is about 5.6 s, smaller than 
the value from the earlier work in our group, performed at the different pH (pH 7.5): 29 s 
at 1mM Mg
2+
 
99
. This disagreement may have come from our inability to distinguish 
between dissociation and photobleaching: dyes at different binding positions are excited 
with different intensity because a trapped DNA is held tilted upward, so they have 
different fluorescent lifetime. Figure 4.5C illustrates the distribution of binding positions 
in XY plane, where binding events are more frequent in the ssDNA region (red dashed 
box) than in the dsDNA region. The former accounts for 42% of all events. Another 
observation is that binding positions seem to have a correlation with the theoretical 
distribution of homology sites of the non-homologous dsDNA with the stretched DNA 
construct (inset, in green, Figure 4.5C). Errors from possible heterogeneities in DNA 
length due to incomplete RecA filament formation and stage drift from the setup must be 
accounted. Figure 4.5B shows the distribution of standard deviation of position in X and 
Y axis. The standard deviation in X axis is peaked under 10nm and rarely goes beyond 
 43 
 
20nm. It allows us to place a lower limit for the spatial resolution of the experiment. On 
the other hand, the standard deviation in Y axis has much broader distribution, which 
implies that non-homologous dsDNA molecules move along RecA filament. 
 
4.4 Movement of Non-homologous dsDNA on RecA Filament 
Time trajectories of postion in X and Y axis, force and fluorescence signal of a 
non-homologous dsDNA molecule are displayed in Figure 4.6A. This dsDNA molecule 
undergoes large scale movement in Y axis, which is the direction that RecA filament is 
stretched, while it stays at the same location in X axis. This indicates that the dsDNA is 
moving along RecA filament. In the meantime, the fluorescence intensity from the dye 
labeled on the dsDNA remains stable and that from background is also left unchanged. 
The former argues against the possibility that binding and dissociation of multiple dyes 
can simulate the movement in Y axis, and the latter tells that 2D Gaussian fitting is not 
perturbed by the noise from the background. Another strong evidence that the movement 
in Y axis is from the movement of non-homologous dsDNA is that the force trajectory 
remains stable except relatively slow drift within 5.0pN and 5.5pN: if either the drift of 
microscope stage or the length change in the DNA tether is the source of the large 
movement in Y axis, I expect to see much larger fluctuation in the force trace and 
correlation between force and position trajectories. Figure 4.6B argues against this 
possibility. Therefore, the time trajectory of position in Y axis corresponds to the 
movement of non-homologous dsDNA, and it can be used to study the behavior of non-
homologous dsDNA on RecA filament. 
Movement of dsDNA is comprised of pauses at the certain sites and fast 
transitions between these sites. Pausing does not happen at any random sites, but rather 
happens at frequently revisited, sticky sites (Figure 4.7). With the help of a heuristic 
MATLAB program that suggests the state in which each point of a trajectory resides, I 
manually segmented time traces from 22 binding events to obtain the pausing dwell time 
and the transition time between sticky sites, for each pausing event (Figure 4.8A). The 
distribution of pausing dwell time follows single exponential decay very well, and the 
lifetime is 1.94s (Figure 4.8B). The distribution of transition time and transition distance 
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(the distance which a non-homologous dsDNA traveled per transition) is drawn in Figure 
4.8C and 4.8D. The mean value of transition time and distance are 0.26s and 48nm, 
respectively. Mean transition distance of 48nm corresponds to 94nts in RecA filament. In 
order to test whether the transition between sticky sites is 1D-diffusion on RecA filament, 
I collected all the data points during transition, to get mean square displacement (MSD) 
of transition trajectories plotted with standard error in Figure 4.9.  
The MSD plot fits well to a linear curve until 0.5s. The fit gives the diffusion 
coefficient of 3090 ± 80 nm
2
/s, which corresponds to 11,900 nt
2
/s in RecA filament, 
which is remarkably close to 7,700 nt
2
/s, measured via single molecule FRET 
100
. This 
value is smaller than 42000 nm
2
/s, the diffusion coefficient of Rad51 complex on dsDNA 
101
, and much larger than 270 nt
2
/s, the diffusion coefficient of E. coli SSB on ssDNA 
98
. 
Although the plot is not linear beyond 0.5s, most transitions last less than 0.5s (Figure 
4.8C) Therefore, it is conceivable that the movement of non-homologous dsDNA is a 1D 
random walk between pauses at sticky sites when viewed at the 10 nanometer scale. The 
random walk is presumed to be the same with the rapid movement of non-homologous 
dsDNA observed in the previous single molecule FRET based assay 
100
, based on the 
similarity of the two diffusion coefficients: 7,700 nt
2
/s and 11,900 nt
2
/s. 
 
4.5 Experimental Procedures 
The experimental scheme is sketched in Figure 4.10. A partial duplex DNA 
comprising 1251 nt ssDNA region and 6956 bp dsDNA region is used as a DNA tether: 
the ssDNA-side end is immobilized on the passivated glass surface through biotin-
neutravidin interaction, while the dsDNA-end is attached to a 440nm polystyrene bead 
(Spherotech) with digoxygenin-antidigoxygenin link and is manipulated by an optical 
trap holding the bead. After the sample chamber is incubated in order to form RecA 
filament on this bead-DNA complex, final imaging buffer is flowed into the chamber. 
The typical buffer conditions are 25mM Tris acetate (pH8.0), 100mM Sodium acetate, 
1mM Magnesium acetate and 500pM-2nM non-homologous dsDNA (DNA length= 39bp, 
Cy3-labeled, 5'-AGC TTA GAG ATT GAT ATT CAG ATC ACC CGC GAC GTT CAT 
-3' and the complementary 39-mer hybridized to each other). Mixture of glucose, glucose 
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oxidase and catalase are used with 2.5mM Trolox, for the stability and improved 
longevity of fluorescent dyes.  
Each trapped bead-DNA complex is stretched in both in X and Y axis on the 
plane to determine the position of tether point, which will be the origin of X and Y axis. 
Then, the complex is stretched in Y axis direction and held at ~5pN to suppress the 
fluctuation of DNA. Binding events and subsequent movement of fluorescence molecule 
(non-homologous dsDNA) on the RecA filament formed “DNA track” are recorded with 
EMCCD camera. The signal from the optical trap is sampled at 40 kHz and averaged to 
100Hz. The fluorescence images are recorded at 33.3 Hz, and fitting is performed at each 
frame for moving average window of 4 frames. 
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4.6 Figures 
 
 
Figure 4.1 Homologous recombination via RecBCD pathway (Courtesy of Kaushik 
Ragunathan). 
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Figure 4.2 Crystal structure of RecA bound to (A) ssDNA and (B) dsDNA. The template 
DNA strand is in red, and the other strand is colored in pink 
93
. 
 
 
Figure 4.3 The secondary binding site of RecA filament. A surface of positive 
electrostatic potential (colored in blue) continues along the filament 
93
. 
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Figure 4.4 The comparison between the length of bare DNA construct and RecA 
filament formed construct 
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Figure 4.5 (A) The distribution of binding dwell time of non-homologous dsDNA 
molecule is fitted to exponential decay (red curve). (B) The histogram of the standard 
deviation of positions in X and Y axis. (C) The distribution of initial binding positions in 
XY plane. The inset in green is the distribution of homology sites of the non-homologous 
dsDNA to the DNA construct. It is in the same scale with the distribution binding 
positions for comparison.  
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Figure 4.6 (A) Time trajectories of position in Y, position in X, force and fluorescence 
intensity from a dsDNA molecule. (B) A scatter plot of all force versus Y position data 
from the trajectory in (A). The force and Y position is not correlated.  
 
 
 
Figure 4.7 The time trace of position in Y axis shows pauses at certain positions.  
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Figure 4.8 (A) Each trace is segmented into transition and pause. Time resolution is good 
enough to track the transition. (B) The distribution of pausing dwell time is fitted to 
single exponential decay. (C) The distribution of transition time and (D) transition 
distance. 
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Figure 4.9 MSD of transition trajectories.  
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Figure 4.10 A non-homologous dsDNA molecule bound on RecA filament formed on a 
partial duplex DNA construct. Trapping laser holds a bead on one end of the construct. 
The bead position is monitored by detection laser, and fluorescent dyes are excited by 
TIR of excitation laser.  
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Chapter 5  
Fluorescence Imaging of UvrD 
Helicase Dynamics on Long ssDNA 
 
 
5.1 Introduction 
Single-stranded DNA (ssDNA) is an intermediate in various DNA metabolic 
processes such as replication, repair and recombination, wherein a multitude of proteins 
bind to ssDNA and perform their functions in coordination with each other. Single-
stranded DNA binding proteins (SSB), recombinase proteins (RecA/Rad51), and DNA 
helicases/translocases are among the proteins which play an important role in genome 
maintenance, and the dynamics of these proteins on ssDNA have been studied at the 
single protein level 
5
. While these assays have revealed a wealth of information on the 
details of ssDNA-protein interactions at the scale of tens of nucleotides 
13,14,102-104
, there 
remains an interest in the dynamics on longer length scales, since the length of ssDNA 
produced in the cell can be thousands of nucleotides 
105,106
. Thus, to better emulate the 
physiological situation, it would be advantageous to study protein-DNA interactions on 
long ssDNA molecules. 
Direct fluorescence imaging of proteins moving on long dsDNA has been 
demonstrated by many laboratories 
107-110
. Yet, there has been no equivalent 
demonstration for protein dynamics on long ssDNA, although fluorescence imaging of 
proteins bound on ssDNA has been recently reported 
111
. One of the technical difficulties, 
which might have impeded imaging proteins on ssDNA, is the high propensity for 
interactions forming intra- and inter- molecular base pairings in ssDNA. In long ssDNA, 
numerous secondary structures can be formed by internal base-pairing 
112
 unless the DNA 
is chemically denatured 
113
. Such secondary structures hinder clear interpretation of 
experimental data obtained from the measurement of DNA end-to-end distances upon 
which most single molecule force spectroscopy is based. Some of these secondary 
structures are transient displaying opening and closing dynamics 
114
, which adds 
unwanted noise to the measurement. On the other hand, hairpins with long duplex stems 
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are very stable and almost always are in the closed state unless an unzipping force is 
applied 
115
. Either these structures should be completely unzipped by applying high 
enough forces, or the formation of such structures should at least be monitored. Therefore, 
the capacity of mechanical manipulation is indispensable for analyzing single protein 
dynamics on long ssDNA. 
Here, we combine total internal reflection fluorescence microscopy (TIRFM) with 
optical tweezers and unzip all the secondary structures by stretching ssDNA molecules. 
The exponentially decaying excitation profile of TIRFM selectively illuminates only the 
molecules within a few hundred nanometers from the surface and this enables the 
detection of single fluorophores with a high signal to noise ratio. An optical trap applies 
force to DNA substrates tethered to the surface and probes mechanical changes within the 
substrates. Although the combination of these two single molecule techniques has already 
been demonstrated 
116-119
, in the current study, we not only measure the intensity of 
individual fluorophores, but also perform particle tracking of single fluorophore-labeled 
proteins 
63,120
 moving along a linear ssDNA track, stabilized with the aid of an optical 
trap. 
To illustrate the capacity of our instrument, we examined the ssDNA translocase 
and helicase activities of a superfamily 1 helicase, Escherichia coli UvrD. UvrD is a 3’-
to-5’ DNA helicase involved in many DNA metabolic processes such as mismatch repair 
11
, nucleotide excision repair 
10
 and replication of certain plasmids 
121
. The enzyme is also 
a 3’-to-5’ ssDNA translocase 122,123, and the translocase activity is presumably required 
for its role as an anti-recombinase in which it displaces RecA protein filaments from 
ssDNA 
124,125
 to control potentially toxic recombination intermediates 
14
. UvrD monomer 
translocation along ssDNA is highly processive and the enzyme can translocate 
thousands of nucleotides before dissociating from DNA 
122,123
. However, it is still being 
debated whether a UvrD monomer can function as a helicase 
126,127
, or whether a dimeric 
UvrD is required 
122,124,128
. While single molecule force methods such as magnetic 
tweezers have revealed valuable information on the helicase activity of UvrD 
129,130
, 
purely mechanical approaches cannot report on the ssDNA translocase activity in real 
time because translocation does not change the overall length of DNA. Here, the 
translocation of UvrD over thousands of nucleotides was visualized, providing the first 
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demonstration of fluorescence imaging of protein dynamics on long ssDNA. In our 
experiments, a translocating monomeric UvrD stopped at a ssDNA/dsDNA junction, 
unable to unwind the duplex ahead. Moreover, with the unique capability of our 
instrument to probe both ssDNA translocase and helicase activities, we could directly 
visualize the two unwinding initiation pathways proposed by a previous ensemble study 
131
, where at least two UvrD monomers are involved. 
 
5.2 Visualization of ssDNA Translocase Activity of E. coli 
UvrD 
We measured ATP-driven translocation of E. coli UvrD along ssDNA. A 
schematic of the experimental setup is shown in Figure 5.1A. The long 3’-ssDNA tail of 
the DNA is the tracking strand on which the enzyme translocates, and the DNA is 
stretched by the optical trap. This scheme projects the enzyme motion along the strand 
onto a straight line. For fluorescence imaging, UvrD was labeled with a single Cy3 
molecule at residue 100 using a single cysteine mutant reported previously 
132
. Figure 5.2 
presents a kymogram, which visualizes the time course of the fluorescence image at a 
glance. The kymogram shows the translocation activity along the 3’-ssDNA tail. UvrD 
monomers bind to a DNA molecule sequentially and translocate from the top (3’-end) to 
the bottom (5’-end), as expected for a 3’-to-5’ ssDNA translocase. Fluorescence emission 
intensity increases as UvrD approaches the 5’-end on the surface due to the increase in 
the excitation intensity in the TIR configuration. Fluorescence emission intensity 
decreases exponentially with the estimated height from the surface (Figure 5.2C). By 
fitting the curve to an exponential decay, we estimated the penetration depth of the 
evanescent field excitation to be 150 ± 30 nm. 
Each translocating UvrD displayed a uniform velocity and the trajectories of 
different molecules in the kymogram are parallel suggesting only a small variance in their 
speed of motion. We fitted fluorescence images to 2D Gaussian functions and obtained 
the position and intensity trajectories of UvrD molecules (Figure 5.3). For each 
translocation event, the position trajectory was fitted to a straight line to acquire the 
average translocation rate, and events that show more than one photobleaching step were 
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discarded to limit the analysis to monomers of UvrD. At 1 mM ATP and 13.5 pN of force 
applied to the DNA, the enzymes translocated with a mean rate of 193 nt/s and standard 
deviation of 22 nt/s (Figure 5.4A). We also determined the distance translocated by the 
enzyme before abrupt fluorescence signal disappearance due either to photobleaching or 
enzyme dissociation from the DNA. By analyzing the number of UvrD molecules still 
bound to DNA after translocating a given distance, we determined the apparent ssDNA 
translocation processivity to be 1260 ± 60 nt (Figure 5.4B). However, the translocation 
distance may be underestimated due to the finite size of the illumination volume as well 
as fluorophore photobleaching. Dependence of the UvrD translocation rate on the tension 
applied to the DNA was minimal between 8 pN and 20 pN (Figure 5.4C). Although a 
force-independent translocation rate was previously inferred via indirect methods for 
UvrD and other helicases 
129,133,134
, our data represent the first direct demonstration of 
force independence of a helicase translocation on ssDNA. 
 
5.3 UvrD Monomers Stall at the ss/ds DNA Junction 
It has been debated whether DNA unwinding can be carried out by a UvrD 
monomer or not 
124,126-128
. With our method, we can directly address this question by 
simply observing the enzyme as it encounters a ssDNA/dsDNA junction during ssDNA 
translocation.  
While the majority of translocating UvrD displayed uniform motion along a 
straight line, some enzymes stopped translocation and stayed at a certain position 
(hereafter termed a ‘stall’) (Figure 5.5A). When multiple UvrD molecules stalled on the 
same DNA, they did so at the same location, and no other molecules translocated past 
that position. We suggest that the stall is caused by a structural blockade on the DNA, 
specifically the ssDNA/dsDNA junction. If so, our data would constitute direct evidence 
that a UvrD monomer only translocates on ssDNA and cannot proceed into dsDNA to a 
detectable degree. Because the DNA construct consists of a dsDNA segment on the 
surface side and a long ssDNA 3’-tail on the other, UvrD molecules will encounter an 
ssDNA/dsDNA junction while moving along the tracking strand. If a UvrD monomer 
cannot unwind DNA, its forward progress will be prevented by the duplex junction and a 
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stall would result, as we observed. To test this hypothesis, we plotted the distance 
between the stall position and the 5’-end of the tracking strand, determined via 
fluorescence imaging, against the length of the dsDNA segment for each DNA 
determined from a force-extension curve (Figure 5.5C). We found a strong linear 
dependence, implying that the stall location coincides with the ssDNA/dsDNA junction, 
supporting our interpretation that UvrD monomer translocation is blocked by the DNA 
double-helix. Moreover, a stalled UvrD at the junction did not unwind the DNA 
substrates to any detectable degree, as we did not observe any change in the end-to-end 
distance of the DNA in the force-based signal from the optical tweezers (our detection 
limit of DNA unwinding through force is about 25 bp). When a dsDNA molecule under 
tensions higher than ~6 pN is unwound, the end-to-end distance of the DNA increases 
because the extension per unit nucleotide is longer for ssDNA than for dsDNA 
16
. Since 
the optical trap position is fixed in our experiment, we expect to see a decrease in tension 
for the DNA molecules undergoing unwinding but such tension change was not observed.  
We cannot rule out the occurrence of unwinding events shorter than 25 bp that cannot be 
detected by this instrument. Ensemble kinetic experiments also do not detect unwinding 
of double stranded DNA as short as 18 bp 
122,128
. 
 
5.4 Visualization of Unwinding Initiation Pathways 
We could still observe, albeit rarely, unwinding of the double-stranded DNA 
segments even at the low UvrD concentrations we had to use to resolve single UvrD 
molecules (100-200 pM). For each unwinding event, we could monitor the position of 
UvrD molecules (via fluorophore tracking) and the number of UvrD monomers in the 
same fluorescent spot (via fluorescence intensity and photobleaching step counting) as 
they bind to the ssDNA segment, translocate down to the ssDNA/dsDNA junction, 
unwind the dsDNA segment and dissociate from the DNA end. In addition, by using 
optical tweezers we monitored the unwinding activity. The versatility of the method 
allowed us to observe directly the whole process of unwinding initiation and to 
distinguish two different pathways proposed previously based on ensemble kinetic 
studies 
131
. 
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Figure 5.6 shows an example set of data in which one UvrD monomer 
translocates in the 3’-to-5’ direction along the ssDNA section and stalls at the 
ssDNA/dsDNA junction. After 15 seconds, another UvrD monomer from the solution 
binds as is apparent from the sudden increase in fluorescence intensity by a factor of two. 
Simultaneously within our measurement uncertainty of 0.3 seconds, unwinding is 
initiated as reported by a gradual decrease in tension and by the movement of the UvrD 
molecules toward the surface at a significantly reduced speed compared to the 
translocation speed on the ssDNA tail (67 bp/s, 3 fold slower than ssDNA translocation). 
This is consistent with ensemble biochemical measurements in which DNA unwinding 
by UvrD is known to be slower by 3 fold compared to ssDNA translocation 
122
. Thus, a 
stalled UvrD monomer at the ssDNA/dsDNA junction is joined by a second molecule and 
unwinding is initiated. The second UvrD monomer can also bind to the ssDNA tail, 
translocate to the junction and join the stalled UvrD to initiate unwinding (Figure 5.7). 
Recruitment of a second UvrD to a stalled UvrD, either directly from solution or via 
ssDNA translocation, represents the first of the two pathways of DNA unwinding 
initiation proposed previously 
131
.  
 When the concentration of UvrD is increased to 1nM, we observe a second 
pathway (Figure 5.8). Multiple UvrD molecules translocate on the substrate together as a 
single spot until arriving at the ssDNA/dsDNA junction. They consist of at least two 
UvrD monomers because the fluorescence intensity decreases in two steps and the 
original intensity is about two fold higher than the intensity of a UvrD monomer (Figure 
5.8). They do not stall at the junction, but instead proceed to unwind the duplex substrate 
though at a much slower rate relative to translocation (14 bp/s for the event in Figure 5.8). 
Dissociation of the enzyme from the unwound dsDNA leads to a sudden decrease in 
fluorescence intensity and a concurrent increase in tension in the force-time trajectory 
due to immediate rezipping of duplex DNA. Unlike the narrow distribution of the 
translocation rates, the unwinding rate displays a broad distribution with a mean of 70 
bp/s and a standard deviation of 31 bp/s, respectively (32 unwinding events, Figure 5.9). 
 
5.5 Discussion 
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We have demonstrated the direct fluorescence imaging of protein dynamics on 
long ssDNA using E. coli UvrD helicase/translocase. We were able to probe the whole 
series of events for UvrD interaction with a DNA substrate including binding, ssDNA 
translocation, DNA unwinding (helicase activity) and dissociation at single protein 
resolution. 
To measure the ssDNA translocation rate and processivity of UvrD monomers, 
we used very low concentrations of UvrD. At 100-200 pM concentrations, the majority of 
UvrD molecules observed are monomers since the fraction of UvrD dimers in solution is 
well below 0.1 % 
135
. Direct measurement yielded a UvrD monomer ssDNA translocation 
rate of 193 (±2) nt/s, which coincides with the values determined from ensemble 
experiments on oliogodeoxythymidylates 
15,122,123
 under similar conditions (10 mM Tris–
HCl (pH 8.3), 20 mM NaCl, 20% (v/v) glycerol, 1 mM ATP:Mg
2+
 at 25 ºC). (This 
agreement may be due to the fact that the ssDNA is sufficiently stretched to minimize 
hairpin structures that could form in the natural ssDNA.) These ensemble experiments 
calculated the processivity of ssDNA translocase activity of UvrD to be 769 nt in the 
presence of a heparin trap 
123
 and 2,400 (±600) nt in the absence of a competing trap 
122
, 
which are much longer than the length of ssDNA molecules (10-124 nt) used, whereas, in 
our experiments, individual translocation events as long as thousands of nucleotides were 
directly observed (Figure 5.2B). While our measured value of the ssDNA translocation 
processivity, 1260 (±60) nt, is likely to be an underestimation, it falls between the two 
previous measurements. The ssDNA translocase activity of a UvrD monomer is so 
processive that even 4,000 nt is not long enough to eliminate the effect from the finite 
size of ssDNA molecules.  
The ensemble transient kinetics studies have yielded information on a multitude 
of kinetic properties of the ssDNA translocase activity of UvrD, including the kinetic step 
size 
15,122,123,136
. The kinetic step size is an estimate of how often a recurring rate-limiting 
step takes place during processive movement and for UvrD monomer translocation on 
ssDNA, the kinetic step size has been estimated to be ~4 (±1) nt, even though the ATP 
coupling ratio is 1 ATP/nucleotide translocated 
15,136
. However, the kinetic step size 
estimation can be complicated by the presence of static disorder (persistent 
heterogeneity), that can result in significant molecule-to-molecule differences in the 
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translocation rates within the ensemble population. For example, the kinetic step size of E. 
coli PcrA, a SF1 helicase and ssDNA translocase that shares extensive structural and 
sequence similarity with E. coli UvrD, was determined to be 1 nt in single-molecule 
experiments 
14
, while ensemble assays estimated it to be 4-5 nt 
137
. The overestimation in 
the latter experiments was attributed to persistent heterogeneity in the translocation rate 
of the enzyme 
14
. To assess the molecular heterogeneity of UvrD, we examined the 
distribution of the rates of multiple UvrD molecules that translocated on the same DNA, 
to exclude DNA-to-DNA variation (Figure 5.10). The distribution displayed a small 
dispersion, as the coefficient of variation was 10 %, which was smaller than the 22 % 
observed for the translocation rate of PcrA 
14
. The smaller molecular heterogeneity of 
UvrD means that the kinetic step size estimated from the ensemble kinetics studies 
should be more accurate for UvrD. Therefore, the ~4 nt kinetic step size estimated for 
UvD monomer translocation and the resulting proposal of non-uniform stepping 
mechanism in which UvrD hydrolyzes 1 ATP per nucleotide translocate with a slow step 
occurring every 4-5 nucleotides translocated 
137
 cannot be attributed to molecular 
heterogeneity.  
We also observed that UvrD monomer translocation stops upon encountering a 
ssDNA/dsDNA junction and does not proceed further, fully consistent with the ensemble 
kinetics experiments that showed that a UvrD monomer cannot unwind a duplex as short 
as 18 bp 
123,128
. The fact that translocating UvrD monomers do not make a transition to 
unwinding duplex DNA but stop at the junction suggests that the translocase and helicase 
activities of UvrD are separable 
124
. No UvrD monomers stalled at the junction initiated 
unwinding on their own, even after long pauses.   
In contrast to the ssDNA translocation rates of the UvrD monomer, the 
distribution of unwinding rates for the dimeric UvrD helicase under 13.5 pN applied 
tension was broad with the mean and the standard deviation of 70 bp/s and 31 bp/s, 
respectively. The rate agrees well with the ensemble DNA unwinding rate measurement 
of 68 (±9) bp/s 
122
, but differs significantly from the 248 (±74) bp/s  rate reported from a 
magnetic tweezers experiment at 35 pN 
129
. In fact, as discussed previously 
123
, the 
unwinding rate from the latter is closer to the ssDNA translocation rate measured here 
and previously 
123
, suggesting that the ssDNA translocase activity alone might be enough 
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to unwind dsDNA if high tension is applied on the tracking strand. Another magnetic 
tweezers experiment 
130
 reported that UvrD unwinding rates decreased with an increase 
of force applied in the direction of strand separation and the unwinding rate at zero force 
was 60 (±7) bp/s. The rate at zero force is relevant to our case wherein tension is not 
applied in the unzipping direction, and is in agreement with our measurement within error. 
A previous ensemble kinetic study on DNA unwinding by UvrD estimated 4-5 bp of 
kinetic step size. Due to the heterogeneity in unwinding rate between single DNA 
molecules, it is possible that the true kinetic step size is lower than 4-5 bp. Direct 
measurements of unwinding step size using high resolution single molecule assays 
138-140
 
are needed to address the issue of step size in DNA unwinding. The large contrast 
between the homogenous ssDNA translocation rate and the inhomogeneous DNA 
unwinding rate is interesting. This may indicate that DNA unwinding is not always done 
by a single species. 
Ensemble kinetic studies 
131
 have shown that there are two pathways leading to 
formation of the active UvrD helicase-DNA complex. Here, we directly visualized these 
two pathways for initiation of DNA unwinding at the single molecule level. In the first 
pathway, a translocating UvrD monomer, blocked by the ssDNA/dsDNA junction, stalls 
and pauses until another UvrD molecule is recruited to the junction to unwind duplex 
DNA. In the second, two or more UvrD monomers translocate together along ssDNA at 
the same translocation speed of monomers until they encounter the ssDNA/dsDNA 
junction, and then proceed to unwind dsDNA. The observation of simultaneous 
translocation of two monomers of UvrD as a single unit (Figure 5.11) provides evidence 
for the existence of a translocating dimeric species of UvrD, rather than two independent 
monomers. 
Our method can be straightforwardly extended to multi-color excitation and 
detection, and to single molecule FRET analysis. With such improvements, this method 
may be used to study the coordination of many proteins interacting on the same single 
and double stranded DNA or RNA. 
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5.6 Figures 
 
Figure 5.1 (A) Schematic of experimental setup. One end of a DNA construct is 
immobilized on the PEG-coated surface, and the other end is attached to a polystyrene 
bead confined in the optical trap (pink). Green excitation laser selectively illuminates 
molecules within a few hundred nanometers from the coverglass surface by total internal 
reflection (TIR). (B) Optical layout of the instrument showing light pathways for 532-nm 
fluorescence excitation laser (green), 1064-nm trapping laser (pink) and fluorescence 
emission (orange). The intensities of both the fluorescence excitation laser and the 
trapping laser are modulated by half wave plates (WP) and polarizing beam splitters 
(PBS). Two beams are combined at the dichroic mirror D1 and enter into the microscope. 
Trapping laser light scattered by a bead confined in the optical trap is imaged on to the 
quadrant photodiode detector (QPD) for monitoring the position of the trapped bead. The 
sample on the piezo stage is illuminated by objective-type TIRF, and the fluorescence 
emission is collected by an EMCCD camera. D1-3, dichroic mirrors; F1-2, filters; T1, a 
telescope. 
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Figure 5.2 Imaging UvrD translocation. (A) A partial duplex DNA construct with a long 
3’-ssDNA tail. (B) A kymogram of multiple UvrD translocation events along a chosen 
DNA molecule stretched at 13.5 pN tension. Fluorescence intensity is color-coded, and 
the color scale is shown on the right (minimum intensity: balck (bottom); maximum 
intensity: white (top)). The translocation of UvrD follows a uniform motion and the speed 
of the translocation events are very similar, if not identical to each other. The estimated 
location of ssDNA/dsDNA junction is shown as the white dashed line, and the UvrD 
motion is observed exclusively in the ssDNA segment (above the white dashed line). 
Fitting the force-extension curve of this DNA molecule to the model ([Figure 5.S2) 
revealed that the length of dsDNA segment is approximately 1370 bp, which is translated 
to 454 nm (where the dashed line is drawn) at 13.5 pN according to XWLC model. Scale 
bars representing the length of 1000 nt (ssDNA) and 1000 bp (dsDNA) at 13.5 pN are 
shown in white. (C) Determination of the penetration depth of TIRF illumination. 
Fluorescence intensity is plotted against the height from the surface for selected 
translocation events at the same intensity of fluorescence excitation light (black). An 
exponential decay curve (red) is fit to the data to determine the penetration depth, 150  
nm. 
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Figure 5.3 Analysis of translocation trajectories (A) The 5’-end of the DNA substrate 
(brown circle) is chosen as the origin. The X axis (blue) is along the DNA toward the 3’-
end (light blue circle), while the Y axis (red) is in the direction perpendicular to the X 
axis. (B) The position and fluorescence intensity trajectories of a fluorophore-labeled 
UvrD was obtained from 2D Gaussian fitting of the fluorescence images. In the top graph, 
the blue and red lines represent the position along the X and Y axes, respectively. The 
thin lines are the fitting results from a single frame at the frame rate of 20 Hz, while the 
thick lines are those of the moving average of 10 frames. The bottom graph shows the 
fluorescence intensity trajectories from the dye (green) and the background (black). 
Binding and dissociation of a protein can be monitored by the sudden jump and drop in 
the fluorescence intensity (magenta dashed line). (i) the distance which this protein 
translocated (ii) the position trajectory is fit to a straight line to get the speed of 
translocation (iii) the number of photo-bleaching steps gives information on the number 
(stoichiometry) of proteins on the DNA. The fluorescence intensity gradually increases as 
the protein approaches the surface due to the exponentially decaying excitation field. 
There is a wiggle in the fluorescence intensity because the illumination is not perfectly 
uniform throughout the entire imaging area due to interference of the coherent light used. 
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Figure 5.4 (A) Distribution of UvrD translocation speed fit to a Gaussian (black curve). 
The mean and SD of the distribution are 193 nt/s and 22 nt/s, respectively. (B) The 
number of molecules still remaining on DNA after translocating a given distance. The 
black curve is the fit to an exponential decay with a translocation processivity (the 
inverse of decay constant) of 1260 ± 60 nt. (C) The translocation speed was measured as 
a function of applied tension to DNA at a constant ATP concentration of 1 mM. The error 
bars correspond to SD. The extension of one nucleotide under the applied tension was 
estimated using XFJC model, and this length was used to convert the speed to nt/s and 
distance to nt for (A)-(C).  
 
 
 
Figure 5.5 UvrD stalls at the junction. (A) A kymogram showing stalling of UvrD. There 
is a certain location on a DNA where UvrD stops its translocation and stalls (green 
arrows). The stalling position is close to the white dashed line which indicates the 
position of ssDNA/dsDNA junction (the length of duplex segment estimated from fitting 
the force-extension curve to the model). Scale bars correspond to the length of 1000 nt 
(ssDNA) and 1000 bp (dsDNA), respectively. (B) A partial duplex DNA construct used 
in the experiment is shown here. The length of duplex segment is estimated by fitting the 
force-extension curve to a polymer model. (C) The correlation between the length of 
duplex segment (the position of the junction) and the distance of the stalling position 
from the 5’-end of the tracking strand in the DNA constructs. The error bar represents the 
standard error. The scatter plot follows the identity relation (y=x, R
2
=0.95), which 
suggests that the stalling occurs at the ssDNA/dsDNA junction. 
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Figure 5.6 The duplex DNA segment blocking translocation of UvrD is unwound as 
another UvrD binds to the junction. (A) Schematic drawings of this unwinding event: (i) 
one UvrD translocates until it encounters a ssDNA/dsDNA junction; (ii) it stops at the 
junction; (iii) the second UvrD binds to the junction; (iv) the helicase unwinds the duplex 
DNA. (B) A kymogram of this event. White dashed line indicates the projected location 
of the junction. UvrD stalls at the junction for 15 s. At 68 s (magenta dotted line), there is 
a sudden increase in fluorescence intensity, followed by resumed UvrD motion, at a 
slower rate. The position trajectories from the 2D Gaussian fit are overlaid on top (light 
green). Scale bars for the length of 1000 nt (ssDNA) and 1000 bp (dsDNA) at 13.5 pN 
are shown in white. (C) The fluorescence intensity trajectory. At 68 s (magenta dotted 
line), there is a sudden increase in fluorescence, which designates the binding event of 
another UvrD. There is a third binding event (71 s)followed by quick dissociation (or 
photobleaching, 72 s), but this event does not seem to play a role in unwinding. (D) The 
force (tension in the DNA substrate) trajectory. The force is stable at 13.5 pN initially, 
which means no length change in the DNA substrate. At the second magenta dotted line, 
the force starts to decrease, which is the signature of dsDNA unwinding. 
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Figure 5.7 Two translocating UvrD molecules join at the ssDNA/dsDNA junction to 
initiate unwinding. (A) Schematic of this unwinding event. (i) The first UvrD translocates 
down to the junction. (ii) The first one stalls at the junction, while the second UvrD binds 
and translocates. (iii) Two UvrD molecules form an active dimeric helicase complex. (iv) 
The helicase unwinds dsDNA. (B) The kymograph of this event. The white arrow points 
to the estimated location of the ssDNA/dsDNA junction. Two UvrD molecules merge at 
the junction. (C) The fluorescence intensity trajectory. As the second UvrD approaches 
the junction, the intensity gradually increases. After initiation of unwinding, one 
fluorophore photobleaches. (D) The force vs. time shows that tension on the DNA starts 
to decrease at the time point indicated by the magenta dotted line. 
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Figure 5.8 Two UvrD molecules translocate together and unwind the duplex segment 
without stalling. (A) Schematic of this unwinding event: (i) two UvrD molecules 
translocate together toward the ssDNA/dsDNA junction; (ii) they proceed and unwind the 
junction without a pause; (iii) one fluorophore photobleaches, but the helicase keeps 
unwinding; (iv) as they dissociate, the unwound duplex is immediately rezipped. (B) A 
kymogram of this unwinding event. White dashed line designates the estimated location 
of ssDNA/dsDNA junction. Although it looks like a stalling, the position trajectory 
obtained from 2D Gaussian fitting (light green) reveals a slow forward motion, as 
expected for unwinding. For the fluorescence intensity comparison, other UvrD 
molecules were included. (C) The fluorescence intensity trace of the event proves that 
there are at least two fluorescent dyes, i.e. two UvrD monomers involved in this 
unwinding event. Firstly, there are two fluorescence decrease steps (black arrows). 
Secondly, the intensity of UvrD in this event is two-fold higher than the intensity of 
another UvrD near the junction (magenta dotted lines). (D) The force trajectory. The 
force starts to decrease as UvrD reaches the junction (magenta dotted line). The 
dissociation of the enzyme from the substrate (the second black arrow) causes the duplex 
to rezip immediately. 
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Figure 5.9 Unwinding rate of UvrD. (A) How the unwinding rate is determined. The 
time course of the change in the length of the dsDNA segment is calculated from time 
course of DNA tension and end to end distance of DNA, using the XWLC and XFJC 
models. The intervals that show unwinding (decrease of dsDNA length) were fit to a 
straight line (red), to obtain the rate. (B) The distribution of unwinding rates from 32 
events. The mean and the standard deviation (SD) are 70 bp/s and 31 bp/s, respectively. 
 
 
 
Figure 5.10 Molecular heterogeneity in the translocation rate of a monomeric UvrD 
translocase. (A) The distribution of translocation rates of 28 UvrD molecules on the same 
DNA substrate (the substrate in Figure 5.2) shown with the Gaussian fit (black). The 
mean and SD are 189 nt/s and 17 nt/s. The spread in this distribution only consists of the 
measurement error and the molecular heterogeneity, because all events were recorded on 
the same DNA substrate. (B) For the DNA substrates that had more than 8 UvrD 
translocation events, the mean and the standard deviation of the translocation rate are 
plotted (red). The black line is the linear fit of the data, which yields the coefficient of 
variation (the ratio of the standard deviation to the mean) of 0.10. 
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Figure 5.11 Binding of dimeric UvrD. (A) At least two UvrD monomers bind to DNA, at 
the same time, within measurement error (50ms). They translocate at a rate of 225 nt/s, 
which is comparable to that of a monomer. At 39.5 s, one fluorophore disappears either 
by photobleaching or dissociation, but the position of the UvrD molecules obtained from 
2D Gaussian fit (light green) does not show a significant difference before and after the 
loss of the fluorophore. The speed of the remaining fluorophore is 200 nt/s. Unlike the 
other kymograms, a moving average is not taken in order to show the fluorescence 
intensity changes more sharply. (B) The intensity trajectory of this molecule displays a 
clear one step intensity jump followed by a two step decrease. 
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Chapter 6  
Direct Observation of E. coli SSB 
Diffusion along Long ssDNA 
 
 
6.1 Introduction 
In the cell, there are a variety of proteins which associate with single-stranded 
DNA (ssDNA) for their crucial roles in DNA replication, recombination, replication 
restart and repair 
5,6
. Single-stranded DNA binding proteins (SSB) are one of such 
proteins. SSB binds selectively to ssDNA in sequence independent manner 
141
 and 
protects transiently formed ssDNA from degradation, however, it is presumed that SSB 
has a more important role in coordinating a multitude of proteins competing for the 
access to ssDNA to carry out their functions 
6
. It was found that SSB also has the ability 
to diffuse along ssDNA for E. coli SSB 
49,98
. The diffusion of SSB might facilitate the 
coordination role of SSB, in which SSB recruits other proteins to their sites of action and 
repositions itself for the action of its partner proteins 
6
. 
Escherichia coli SSB is a representative homotetrameric SSB and is consisted of 
177 amino acids. It forms a very stable homotetramer which binds to ssDNA by 
wrapping ssDNA using its four subunits 
142
, and is essential for the cell, due to its 
important role in DNA metabolic processes 
143
. The N-terminal domain of E. coli SSB is 
comprised of 115 amino acids and contains the ssDNA-binding sites 
144-146
, while it is 
like that the C-termini is responsible for selectively recruiting its partner proteins to 
ssDNA 
147
. Thus, the tetramer has a four ssDNA binding sites, and it can bind to ssDNA 
in a various binding modes depending on salt concentration 
143
. The 35-binding mode, 
which is favored in low salt concentrations (<10 mM NaCl), uses only two subunits for 
ssDNA binding and interacts with ~35 nucleotides 
148
, whereas the 65-binding mode, 
favored high salt concentrations (>200 mM NaCl), uses all four ssDNA binding sites and 
occludes ~65 nucleotides 
143,146
. The two binding modes were also observed at the single 
molecule level 
104
. The diffusional migration of E. coli SSB in the 65-binding mode along 
ssDNA was observed via single molecule FRET and it was found that the migration 
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stimulates the elongation of RecA filament and the detailed mechanism of the SSB 
migration is via reptation
49,98
. 
Using a hybrid instrument combining single-molecule fluorescence and force 
spectroscopy, we could visualize the diffusion of E. coli SSB on a long secondary-
structure-free ssDNA. We found that the diffusive motion of the SSB is indeed a normal 
1D diffusion and the diffusion is three orders of magnitude faster on long ssDNA than it 
is on short ssDNA, suggesting that on long ssDNA that mimics physiological setting, 
SSB can migrate via a long range intersegmental transfer. The force dependence of 
diffusion further supports the interpretation. 
 
6.2 Visualization of E. coli SSB Diffusion on ssDNA 
TIRF microscopy combined with a single-beam optical trap is employed to 
visualize the motion of E. coli SSB along ssDNA. The experimental scheme is very 
similar to the previous experiment (Chapter 5), except that ssDNA constructs used are 
already fully single-stranded and do not require exonuclease reaction. As shown in Figure 
6.3, the 5’-end of a ssDNA construct is immobilized on the surface and is stretched by a 
optiallcy trapped bead on the 3’-end. A stable homotetramer of E. coli SSB, whose 
monomer is an A122C mutant, is labeled with ~ one Alexa555 fluorophore per tetramer 
98
 is imaged while it is bound and moves on the ssDNA construct.  
In this experiment, the motion of only the SSB that first binds the DNA is imaged, 
because, if there are multiple SSBs bound on the same strand, the position of a SSB can 
be contaminated from the noise induced by binding and dissociation of the other SSBs 
onto the strand. In order to prevent simultaneous binding of multiple SSBs, a very low 
concentration of SSB tetramers (below 20 pM) is used. Also, before each measurement, 
all the SSB tetramers bound on the ssDNA constructs are removed by applying high 
tension over 25 pN for 1 min. This process ensures that there are no SSBs bound on the 
ssDNA constructs, because the dissociation rate of SSB tetramers in the 65-binding mode 
is force-dependent and increases exponentially as higher force is applied to the ssDNA 
(Full SSB dissociation happens below 13 pN)
49
.  
Secondary structures formed with ssDNA constructs might work as a structural 
blockade for the motion of SSB and melting and rezipping of these structures can 
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contaminate the position trajectory, as well. Therefore, secondary structures should be 
avoided, however, due to force-dependent dissociation of SSB in the 65-binding mode, 
removing them by applying high forces to the molecule is not possible. Here, we used a 
method which can synthesize a long chain of ssDNA with user-defined sequence 
62
, and 
produced a 10000-15000 nt ssDNA construct which has only deoxythymidines and 
deoxycytidines. 
Figure 6.4 shows one of the position trajectories of a SSB tetramer along ssDNA 
at 4.1 pN. The huge range of motion is noticeable, as it moves more than a micron, which 
is surprising because it moves much longer distance than expected based on the diffusion 
coefficient 270 nt
2
/s for E. coli SSB tetramer at 37 ºC 
98
. The motion seems diffusive as it 
is obvious that it is neither unidirectional nor deterministic, however, it is not clear 
whether it is 1D random walk or anomalous Brownian motion or something else. 
 
6.3 Ultrafast Diffusion of E.coli SSB and Force-dependence 
To check if this motion of SSB is a 1D diffusion, and to compare the diffusion 
coefficient to the known value 
98
, we collected many position trajectories of SSB. Figure 
6.5 shows a subset of the position trajectories collected at the applied force, 4.1 pN. Only 
a small number of position trajectories are shown in the figure, so that the difference of 
individual trajectories can be appreciated. The mean of all 82 trajectroes are shown as a 
black dotted curve. The mean displacement does not increase over time and is very small 
compared to the range of motion of individual trajectories, which suggests the motion is 
not biased either toward 3’-to-5’ direction or the other. Although we collected 82 
trajectories, ~50% of SSB tetramers dissociates after a few seconds and, as the number of 
trajectories being averaged keeps decreasing, the mean displacement becomes more and 
more rugged, therefore only the data points of the a few seconds in the beginning were 
used for the analysis of averaged trajectories. 
In Figure 6.6, the time courses of the mean squared displacements (MSD) at 
various forces were plotted against the elapsed time. The MSD data at four different 
applied forces to the ssDNA constructs are shown in different colors: red, blue, green and 
orage for 2.1 pN, 3.2 pN, 4.1 pN and 5.1 pN, respectively. Force-dependence of MSD is 
notable, as the diffusion is faster as the applied force is lower. In all four MSD data, there 
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is an initial section in which MSD increases linearly with respect to the elapsed time, 
suggesting that the motion of SSB along ssDNA is a 1D diffusion. For each force, a 
straight line is fit to this initial section and the diffusion coefficient is determined. The 
diffusion coefficients at different forces are shown in Figure 6.7. The diffusion 
coefficients are at least 1000-fold higher than the previously reported, 270 nt
2
/s at 37 ºC 
98
. Considering that the diffusion was faster at higher temperature in the experiment 
98
 
and lower force and our measurement was performed at 25 ºC with the applied force of at 
least 2 pN, the disagreement is even greater. 
Finally, to test if the diffusion of SSB is an anomalous diffusion, we checked if 
the probability distribution of displacements of SSB is a Gaussian. Since it was not 
possible to obtain the probability distribution smooth enough to be fitted to a Gaussian, 
due to the lack of enough diffusion trajectories (only 50-100 trajectories for the first a 
few seconds), we tested for the anomality in the following way. If the probability 
distribution is a Gaussian, i.e., a Gaussian is a good fit to the distribution, the variance of 
the distribution should be equal to the variance of the fitted Gaussian. In order to avoid 
the fluctuation of the fitting result depending on the binning of the probability 
distribution, the error function, which is a cumulative function of a Gaussian, is fit to the 
cumulative probability distribution, instead. The variance of the fitted Gaussian can be 
determined using the fitting result of the error function, and the comparison of the 
variance determined experimentally (black square) and the variance of the fitted Gaussian 
(red circle) is shown for each force, in Figure 6.8. The two variances are reasonably close 
to each other, except the case of 4.1 pN. This implies that the diffusion of SSB is a 
normal 1D diffusion. 
 
6.4 Discussion 
We visualized the diffusive motion of E. coli SSB tetramer along ssDNA in the 
65-binding mode, and confirmed that the motion is indeed a normal 1D diffusion by 
analyzing the probability distribution of displacements of SSB. Also, we determined the 
diffusion coefficient of the motion using MSD curves of many diffusion trajectories.  
The diffusion of SSB is ultrafast: the coefficients determined here are 1000-fold 
higher than the previously reported value, 270 nt
2
/s at 37 ºC, determined from the SSB 
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diffusion on short ssDNA 
98
. Our hypothesis is that SSB can diffuse along long ssDNA 
through a completely different mechanism from the case of short ssDNA. It was shown 
that E. coli SSB tetramer can directly transfer between ssDNA molecules without an 
intermediate step of the protein being dissociated from one ssDNA molecule 
149
. If the 
direct transfer is possible between two ssDNA molecules, SSB might directly transfer 
between two segments of the same ssDNA, when the ssDNA is very long, as it is the case 
for the ssDNA generated in the cell. We propose a model for this ultrafast SSB diffusion 
mechanism termed “intersegmental transfer”. The schematic of the intersegmental 
transfer is depicted in Figure 6.9: A SSB bound on a segment of a ssDNA migrates to 
another segment of the same DNA, when the other segement of the ssDNA approaches 
the bound SSB due to the fluctuation of the long ssDNA. This model bears some 
resemblance to “intersegmental contact sampling” model, a model for RecA filament 
mediated DNA homology search, proposed by Forget 
150
.  
We also found the force-dependence of the diffusion coefficient of the SSB 
motion. The diffusion becomes faster as the applied tension to the ssDNA along which 
the SSB diffuses is decreased. To test if the force-dependence can be explained by our 
intersegmental transfer model, we calculated the diffusion coefficient for the numerically 
generated diffusion trajectories of a SSB simulating intersegmental transfer processes at 
various forces. In the simulation, it was set up such that the SSB migrate to the other 
segment whenever the segment approaches the SSB (to be more precise, the segment on 
which the SSB is bound) within the threshold radius. For the simulation, we used the 
probability distribution of the end-to-end distance of a free ssDNA molecule 
151,152
 after 
modifying it to include the influence applied tension. The time scale of the simulation 
was adjusted to match the diffusion coefficients from the simulation to the experimentally 
determined values. The comparison of the force-dependence measured experimentally 
(black circle) to the force-dependence from the simulations with various threshold radii is 
shown in Figure 6.10. The force-dependence of diffusion coefficients predicted by the 
intersegmental transfer mechanism is reasonably close to the experimental result. 
Although there are a lot of studies on the nanometer level details of the protein-
ssDNA interactions, direct observation of the protein-ssDNA interaction at large length-
scale has been nonexistent to date. As it was shown here in the case of the ultrafast 
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diffusion of SSB, observation of exactly the same biological system but at much larger 
scale alone reveals a new mechanism. Hopefully, our new method which enables direct 
visualization of the protein dynamics on long ssDNA would provide the access to the 
biological processes which have not been measurable on short DNA molecules. 
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6.5 Figures 
 
Figure 6.1 The roles of SSB in DNA metabolic processes. SSB controls the access of the 
other proteins to ssDNA, and needs to be removed or repositioned for the function of 
other proteins 
6
. 
  
 
Figure 6.2 A crystal structure of E. coli SSB homotetramer in the 65-binding mode 
146
. 
SSB binds to ssDNA by wrapping ssDNA using its all four subunits. A red tube which 
represent the ssDNA wrapped around the SSB is not resolved by the crystal structure, but 
drawn in the extrapolation of short segments of the ssDNA which could be resolved. 
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Figure 6.3 A schematic of visualization of E. coli SSB diffusion on long ssDNA. One 
end of a ssDNA construct is immobilized on the PEG-coated surface, and the other end is 
attached to a polystyrene bead confined in the optical trap (pink gray). Green excitation 
laser selectively illuminates molecules within a few hundred nanometers from the 
coverglass surface by total internal reflection (TIR). 
 
 
Figure 6.4 Imaging the movement of SSB along ssDNA. (A) A single-stranded DNA 
with its 3’-end, on which a trapped bead is attached, at the top and the 5’-end, which is 
immobilized on the surface. It is shown for the reader to better understand the kymogram 
on the right panel. (B) A kymogram of a single SSB diffusion event along a chosen DNA 
molecule stretched at 4.1 pN tension.  
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Figure 6.5 The single-molecule time trajectories of several SSBs at 4.1 pN tension. The 
trajectories of different SSBs are drawn in solid lines of different colors. A black dotted 
curve represents the mean displacement of all trajectories. The displacement which were 
measured in nanometers were converted into nucleotides by using the extension per 
nucleotide at 4.1 pN, estimated by XFJC model. 
 
 81 
 
 
Figure 6.6 The time course of mean squared displacement (MSD) at various forces. The 
MSDs are the mean of 80 to 110 trajectories. In the scatter plot, the MSD at 2.1 pN, 3.2 
pN, 4.1 pN and 5.1 pN were plotted against elapsed time in red, blue, green and orange, 
respectively. All the MSDs are linear in the beginning. The linear section is fitted to a 
straight line, and the fitted lines are drawn in respective colors.  
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Figure 6.7 Force-dependence of SSB diffusion. 
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Figure 6.8 A test for anomalous diffusion. To test if the diffusion is anomalous, an error 
function (a cumulative Gaussian) was fit to the cumulative probability distribution of 
displaements at a given elapsed time. For each force at which SSB diffusion is measured, 
the variance of the probability distributions of displacements (black squares) and the 
estimated variance from the fit (red circles) are being compared. 
 
 
Figure 6.9 A shematic depicting the concept of intersegmental transfer. A SSB at a 
location (red) migrates to the other location (green), when the other segment of the same 
strand on which the SSB is bound make a contact the the SSB via random fluctuacation 
of a long polymer of ssDNA.  
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Figure 6.10 Comparison of diffusion coefficients at various forces between from 
experiments and the intersegmental transfer simulations. Black circles are the data from 
the experiments, whereas the colored disks are the simulations, with different parameters. 
In the simulation, it was assumed that a SSB migrate to the other segment when the other 
segment approaches the segment on which the SSB is currently bound within a threshold 
radius. The threshold radius is 0.5 nm, 1 nm, 2 nm and 5 nm, respectively. (The unknown 
conversion factor between one step in the simulation and one second was adjusted 
manually.) 
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